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PEEFACE 


TffE course of work described in tlic following pages forms 
an introduction to all branches of Natuml Sci<MK»e. The ele- 
mentary nature of th(‘ book has caus(*d me to pay more attt'ii- 
tiou to method than to detail. Every student will need to 
follow closely and though tfully tin* performance of each ex- 
periment, in nearly all cases making his own obscTvations and 
measurements, in order that tin* capacity for independent 
judgment, as well as an interest in original research, may be 
awakened at the outset. \Vh(*n a fact or law, discovered by 
means of a student s own personal observation and intelligence, 
turns out to be very familiar to others more fidvanced, the 
value of the research to the student himself is but slightly 
impaired. 

Each section conveys a definite lesson, and care has been 
taken that they may follow in inductive Kequeuco. It is im- 
portant that each experiment and each stage of the course 
be described and reviewed at length in tln^ student’s note- 
book, which should contain many practical details omitted 
from the text-book, not only lest they should obscure the 
more important outlines of work, but also because it is in- 
tended that some freedom and originality in manipulation 
should he encouraged. The trials and practical difficulties of 
the laboratory are too valuable educationally to be set aside by 
over-help, though it is essential that they should not be too 
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severe. It may be noticed that while tables are added to show 
the results of accurate observers, and to give information as 
to relative magnitudes, the numerical values resulting from the 
selected experiments have been generally left to be worked out 
by the students themselves from their own observations. The 
word Bpeed has been used to denote the rate of motion of a 
particle along its path, in preference to the term velocity, 
which is now generally reserved to designate a quantity having 
both magnitude and direction, i,e. a vector. The sections 
numbered 3, 7, 12, 13, 14, 15, 24, 25, and 26, together with 
many of the additional exercises, may be omitted by be- 
ginners. 

Rooms devoted to practical science, and well equipped, are 
nowadays considered a necessary part of all public schools and 
colleges, and this book is simply intended to be used as a hand- 
book in such laboratories. An ett’ort has been made to arrange 
a pnictical and progressive course which shall touch upon the 
chief problems, and point out the main lines of investigation 
in Natural Science, in preference to an attempt at explaining 
any one branch in detail. It is also hoped that the course 
may give some training in that habit of directly appealing to 
nature, rather than to theories, which is the root of all scientitic 
progress, although unfortunately it is not always made the 
basis of scientific education, partly from want of time and 
partly from want of appliances. 

A. G. EARL. 


TONBKIUOE : 181*0. 
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CHAPTER T 

MEASUREMENT OF QUANTITY OF MATTER 

1. To Find Equal Quantities of Matter. — 1. Use n balance, 
and counterpoise two pieces of wood, cutting away one or tfio 
other with a knife until exact balance is obtained. 

2. Counterpoise a piece of wood and a piece of lead. 

3. Counterpoise another piece of wood with the lead, and 
then observe that the two pieces of wood counterpoised by the 
lead counterpoise one another. 

The above exercises show ; — 

1. That with the same kind of matter, wood, the pieces 
which counterpoise each other are the same size, or there- 
abouts ; but different kinds of matter whicli counterpoise each 
other are not of the same size. 

2, That two bodies counterpoise each other if they each 
counterpoise a third body ; for these two bodies have been 
found to act alike under the same conditions — that is, when 
placed in the same position, and with all the surroundings the 
same. 

Two such pieces of matter are said to be equal quantities 

B 
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of matter^ however unequal in size or different in appearance 
they may be. 

Counterpoising one quantity of matter by another will 
indicate equal quantities of matter only when the instrument 
used is correct. But by performing two operations as in (2) 
and (3) we find two quantities of matter which are counter- 
poised under precisely similar circumstances with a third un- 
clinnged quantity of matter (the piece of lead kept in the 
same pan). There is nothing changed in these two operations 
except the pieces of wood. Although the balance used may 
be inaccurate, the same inaccuracy holds for each case, and 
thus we can make sure that two })odies are equal quantities of 
matter even with an inaccurate balance. 

2. To Compare Two Quantities of Matter.~l. Take several 
equal quantities of matter, and find how many of them counter- 
poise with a given piece of wood, cutting away the wood if 
necessary. It is convenient to use a set of weiyhta — that is, 
a numb(^r of bodies so arranged and measured that we can 
readily make up from them a quantity of matter which shall 
contain the smallest quantity any required number of times. 
The need of a large number of equal quantities is thus avoided. 
Use grams. One gram will be the standard. 

2. See how many of the same standard quantities of matter 
are equal to a larger piece of wood, cutting away as before if 
necessary. 

3. Compare similarly two other pieces of wood, but use 
much smaller standards. Notice that less cutting away, if 
any, is needed. Use centigi’ams. A centigram is one-hun- 
dredth of a gram. With milligrams or thousandths of a gram 
the comparison becomes still more accurate. 

The above exercises show : — 

1. That two quantities of matter can lie compared, by 
seeing how many times each contains a standard quantity. 

2. That the standard quantity, if large, does not enable 
us to measure exactly ; but the smaller the standard, the more 
exactly can we measure and comjmre. 

3. That the limit of exactness can never be attained, os 
inequalities will be shown by more delicate balances. The 
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degree of accuracy should depend upon tlio object of the com- 
parison. 

We see that two operations take place in weighing any • 
substance. The first consists in finding out a quantity of 
matter which will counterpoise the substance, or which will 
take its place on the pan and counterpoise equally a third 
body on the other pan. The second operation needed is to find 
out how many times this quantity of matter contains the 
standard quantity. When a set of weights is used the second 
operation consists in reading the marks or numbers on the 
several weights required for counterpoise. 

When a spring-balance is used the pointer indicates how 
many times the standard quantity of matter would be required 
to produce the same elongation of tin* spring. In this case 
the counterpoise, or what corre.sponds, has been made onc(i for 
all by the maker, and the results marked on the scab*. (Jom- 
pare a spring-balance with an ordinary one, 

3. To Test the Accuracy of a Set of Weights by the 
Balance. — Counterpoise a 2-gram weight with shot and paper, 
then replace it by another. If they contain ecjual (|uantities 
of matter the counterpoise will be maintained. Test the two 
10-gram weights similarly, and other ecjuivalents, such as 
the two 10-gram weights with the 20-gram. Any excess or 
deficit may Ije marked, if the comparison has lj<*>en made with 
an exact standard, and the balance is reliable. 

4. To Investigate the Construction of an Accurate Balance. 
It is advisable at this stage to learn the necessity of great 
care in the use of such balances as are used in a laboratory. 
This may l^e done by taking to pieces very carefully such a 
l>alance s the one illustrated (fig. 1). 

1. Note the rest or catch which prevents the knife-edges 
being worn, by saving them from unnecessary jarring. 

2. Compare the balancing of the beam upon its knife-cnlge, 
when the pans have been removed, with that of a strip of wood 
upon a blunt point. 

3. Note that the knife-edges supporting tlie pans enable 
the matter wherever it may happen to be place<i in the pan to 

B 2 
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act at the same point on the beam (namely, at the knife-edge 
itself). 

4. Observe the use of the pointer and scale. 



Additional Exercises and Questions, 

1. Construct n set of fractions of a gram from pbitinum foil and 
aluminium foil. Use a pair of scissors for cutting away, and impress 
the value on each when correct, 

2. How may equal quantities of matter be determined on a balance 
which has unequal arms ? What arguments may be used in support of 
your method ? 

3. Describe exactly what is meant by saying that a given body 
weighs 8*3 grams, and give the operations by which this knowledge of 
the body is obtained. 

4 . How many milligrams are contained in 103*726 grams ? What 
fraction, vulgar and decimal, of a gram is the quantity 7 centigprams 
together with 11 milligrams? 

6. Why is it best to stop the balance from swinging when the pointer 
is at the centre of the scide, and why should the weights never be 
altered when the balance is swinging, or the pans breathed upon when 
an observation is being made ? 

6. Which is the best method of judging when there is exact counter- 
poise— <a) by seeing whether the pointer comes to rest at the centre 
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of the scale, or (i) by seeing if it swings sax even distance on each 
side of the centre ? Make an observation and explain the result. 

7. What kinds of matter should be used for standards in weighing 
accurately ? WTiat is the advantage of aluminium over platinum for 
small standards ? Should weights be cleansed ? 

6. Xeasurement of Length and Find out the 

length of a given object by seeing how many times a given 
standard length is contained in it. Use 1 centimetre as a 
standard. (1 centimetre is one-hundredth of a metro.) 

2. Measure the dimensions of a regular-shaped l>ody. 
Use 1 centimetre as a standard. 

3. Measure a given piano area by means of a body of 
standard area, and also by calculation. Use a square centi- 
metre as standard. A square centimetre is a wjuare of which 
the side is 1 centimetre. 

4. Find out by calculation liow many times a given cube is 
larger than a standard cube. Use as standard a cu)>e of which 
the side is 1 centimetre. 

5. Find out by displacement of water, wliicli readily 
adapts itself to any shape, how many times a standard cube 
is contained in an irregular-sliaped body. Use a graduated 
vessel, marking cubic centimetres. 

6. Verify tlie graduation of a burette by weighing the quan- 
tities of mercury or water delivered into a weighed vessel. 
Each division need not be tesU^d. Care is needed in finding 
when the middle point of the liquid surface is level with tlie 
proper mark on the vessel. 

The above exercises show that the same methods are used 
in comparing the lengths and volumes of various bodies as in 
composing quantities of matter, and that there is the same 
necessity for a standard length and a standard volume for 
purposes of comparison. 

Precautions in Measuring . — The distance between any 
two points is found by measuring the number of units of 
length in the imaginaiy straight line joining them. In 
measuring any given distance we have to depend on our eye- 
sight or touch for ascertaining the coincidence of two points 
or marks. Care must be taken that this coincidence is real. 
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For determining coincidence of liquid level with a mark on a 
graduated vessel a reading telescope [or that of the catheto- 
meter] is used when accuracy is needed. The surface of a 
liquid in a tube is not horizontal. In this case the centre of 
the surface is observed at each operation. 

Sometimes it is not possible to apply a scale directly to a 
distance, as in measuring the diameter of a sphere. The 
measurement then takes place indirectly. Another distance, 
capable of being measured, is adjusted so as to be equal to it, 
and then measured in its place. The use of callipers and 
compass will illustrate this method, and show how the sense of 
touch is used. Compare the results obtained with each of 
these instruments for a given dimension, such as the diameter 
of a sphere. The alteration of the dimensions of bodies by 
change of temperature makes it necessary that measurement 
should bike place under the same conditions of temperature. 
The length of a metal rod should be taken at different tem- 
peratures to illustrate this need. 


Additional Exercises arid Q'aestions. 

1. What are the requisites of a pood standard of length ? 

2. By what processes may lengths be measured 1 

3. How would you find out if a given standard is correct ? 

4. What are the advantages generally of the Metric system of 
measurement ? 

6. Describe exactly the assumptions made in measuring any dimen- 
sion of M b(»dy. and compare tlie rea'sonin.'' n«i:od with that ii-ied in 
woigliinp a ito ly. 

H. Meusare ihe <listnnce between two given points which are not 
connected by matter. State the precautions needed. 

7. Measure as accurately as possible by a good scale the value of 
an inch in centimetres. Suggest methods by which greater accuracy 
may be obtained. 

8. Use a steel scale and show that the graduations vary with the 
temperature : measure when cold and after heating. 

9. Test the graduation of a eudiometer tube by fixing it upright 
and reading the successive levels caused by the addition of equal 
quantities of water. The water may be delivered from a burette or a 
pipette. Mention the precautions which are necessary. 
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6. Selative Quantities of Matter in Equal Volumes of 
Different Substances. — 1. Compare the quantities of matter 
in equal volumes of mercury and water, and turpentine. Use 
a marked beaker or dask, and a balance. 

2. Compare the volumes of the above substances when 
equal quantities of matter are taken in each ease. Use a 
beaker for weighing, and ascertain the volumes by pouring 
into a graduated vessel. Commence with the turpentine. 

3. Compare the volumes contained in equal quantities of 
brass and water. The volume of a piece of brass is 6'qual to 
that of the water it displaces, and, by the displacement of water 
in a graduated vessel, the volume of the brass is easily measured. 

4. Taking as unit the quantity of matter cont/Lin(‘d in a 
given volume of water, calculate the numbers to be given to 
equal volumes of other liquids and solids. liefer to the table 
of densities. 

The alK)ve exercises show that tlie appearance and size of 
a body give no exact information as to the (jinintity of matter 
it contains. Bodies vary in den.sity. In order to ascertain 
the density of a body the volume and (juantity of niatter are 
each measured. /The volume of a liquid is easily measured as 
it adapts itself to any required shape, but the volume of an 
irregular-shaped solid is less easy. It may be nu'^isured by 
displacement of a suitable liquid in a graduated vessel. It is 
a great convenience to compare all subslance.s by reference to 
a common standard, and water of a fixed density is selected. 
Then the numbers, called s|H*cific gravities, which tell how 
much denser various substances are than wat<?r, show their 
densities relatively to one another. But it is more systematic 
to express the density of a laxly by the number of units of 
mass in unit of volume. A body whicli has four units of mass 
in unit of volume is twice as dense as one containing two 
units of mass in unit of volume, and so on. 

It must Ixj rememl>ered, wlien we speak of equal quantities 
of different kinds of matter, that we do not refer to equal 
volumes, but to such volumes as contain w hat wt* have agreed 
to call equal quantities of matter. Later on we shall add to 
our knowledge of equal quantities of matter. 
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Additional Exerdaes and Qwettions, 

1. Assuming that the density of brass is 8 — that is, that 1 cubic 
centimetre contains 8 grams of matter — find the volume of a given piece 
of brass by wcigliing and calculating. Compare the result with that 
obtained by measuring the volume of water displaced by the brass. 

2. Compare the densities of lead and tin by weighing, and determin- 
ing volumes by displacement of water. 

8. Suggest methods of finding both the apparent and real density of 
porous bodies. 

4. How would you find the density of copper sulphate — a substance 
which dissolves in water ? 

6. Mention the various prcaiutions which must be taken during 
observations of density. 

6. What hypothesis can you suggest in explanation of the difference 
in density observable among various kinds of matter ? 

7. Principles of Systematic Measurement.— We have dis- 
cussed in the preceding sections concrete quantities of dif- 
ferent kinds— quantity of matter, quantity of length, quantity 
of area, quantity of volume, and quantity of density. 

By direct observation we have been able to decide when 
two given quantities of tlje same kind are equal. We have 
then seen how many times a given standard quantity is to be 
taken to make up a quantity equal to the quantity l>eing 
measured — tliat is, we obtain numerical values, or numbers 
expressing the maynitude of any concrete quantity. All that 
we can say of any quantity is that it is equal to so many 
times a quantity of the same kind selected as a standard, 
and all that we can directly observe is equality, or inequality, 
in quantity. 

The standard quantity of matter, or the unit of now 
used in all physical measurements is called a yroin. 

The standard quantity of length, or unit of length, now 
used is called a centimetre. 

For convenience in exact weighing, sets of weights ore 
used — i.c. various pieces of brass and aluminium, carefully ad- 
justed by the maker, so as to contain certain multiples and 
fractions of the quantity of matter in a gram, and arranged as 
follows : — 
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100 grains 

6 grams 

0 5 grams 

0*05 grams 

0*005 gmms 

50 „ 

2 „ 

0*2 „ 

0*02 „ 

0*002 

20 „ 

2 „ 

0*1 „ 

001 

0*002 „ 

10 „ 

1 M 

01 „ 

001 „ 

0*001 „ 


Investigation of these masses will show that all quantities 
of matter not exceeding 201 grams, and not less than *001 
gram, are represented to within *001 gram. It may happen 
that a quantity of matter to be weighed diflers in quantity 
from any possible collection of the above weiglits ; but it will 
differ by a quantity less than *001 gram, and this may be 
negligible, or the balance may be una})l(* to mark it. Some 
balances, however, measure within smaller quantities. Tjurger 
quantities are measured by larger staiuhirds ; and names are 
given to multiples and fractions of a gram as seen in the table 
below, which represents a portion of the metric system of 
measurement. 

A mass of 1,000 grams is called 1 kilogram 
(equivalent to 2*2054 lbs. avoirdupois). 

A mass of *1 gram is called 1 decigram. 

,, „ *01 ,, „ 1 centigram. 

„ „ *001 „ ,, 1 milligram. 

For convenience in iiiea.suring quantity of length, or 
distance between two tixed points, a scale is used. This may 
be looked upon as corresponding with a set of weights. It is 
a body of suitable material and form, marked so that tlie dis* 
tance from any mark to the next is equal to a ccntimetn’, or, 
if greater accuracy is required, to *1 centimetre. Numbers 
are written at intervals for readiness in reading the total 
number of centimetres. If large di.stances have to lie 
measured, a centimetre is too .small a standard ; while for 
very small distances the centimetre has to be subdivided, in 
the same manner as the gram is subdivided for accurate 
weighing. The following table gives the names of lengths, 
derived from the centimetre, according to the metric system: — 



10 


ELEMENTS OF LABORATORY WORK 


A length of 10 centimetres is called a decimetre. 

A length of 10 decimetres or 100 centimetres is called a 
metre (equals 39*37 inches). 

A length of 1,000 metres or 100,000 centimetres is called 
a kilometre. 

A length of *1 centimetre or *01 decimetre or *001 metre is 
called a millimetre. 

The numerical value — i.c. the number expressing the mag- 
nitude of any quantity of matter or of any distance ~ shows its 
relation to a magnitude of the same kind selected as unit. 

Thus if M denotes a definite quantity of matter, and L a 
definite distance, and m and I the respective units, then 
M Ti . 

— and y give the numerical values of these quantities. 

It is seen that numerical values vary directly as the quan- 
titie.s, and inversely as the units with which the quantities are 
compared. In other words, as the (jiiantity increases the 
numerical value increases, but as the unit increases the 
nunierical value diminishes. 

In practice the magnitudes of most quantities are expressed 
by a number, followed by the name of the units used — e.g. 
20 centimetres, 3 grams. The necessity for the names arises from 
the use of various systems of measurement. For example, 
distances are, for other purposes, measured by inches, feet, 
yards, miles, Ax., and quantities of matter by ounces, pounds, 
tous, Ac. If one system were universal, numbers alone would 
denote the magnitudes of physical quantities. We .shall after- 
w^ards see that all physical quantities, however complex in 
their nature, may be measured by the use of three /undanuntal 
units of length, mass, and time. This system is called the 
centimetre-gram -second, or C.G.S. system. It will be seen 
that all quantities are brought to a common scale by use of 
this system. 

Having selected the centimetre as the unit of length, it is 
necessary, in oixier to secure uniformity, to take as the unit 
of area the quantity contained by a square, each side of which 
is a centimetre ; and for unit of volume that quantity con- 
tained by a cube, each side of which is a centimetre. A 
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volume equal to that of 1,000 cubic centimetres [written 1,000 
c.c,] is called a litre. 

The final authority for the unit quantity of matter in the 
C.G.S. system, and the standard by which it must he deter- 
mined, directly or indirectly, is the Kilogramme des Archives^ a 
piece of platinum adjusted by Borda. 

The gram is *001 of this piece of platinum. 

All distances must be compared, directly or indirectly, with 
the distance between the ends of a rod of platinum wlien it is 
at the temperature of melting ice. This is the standard 
mHre made by Borda in 1795. The centimetre is equal to 
*01 of this distance. 

The metre was selected as being the ten -millionth part of 
a quarter of the earth’s circumference, so that all lengths 
might be compared with the circumference of the eartli, a 
length looked upon as permanent, and hence always caj)able 
of being redetermined. That the earth’s circumferencf should 
be commonly referred to as the standard is, nowcwer, imj)OKsible, 
and the alternate authority is now th(‘ length of the platinum 
rod made by Borda. 

Having fixed on a distance and called it a metre, a pieces 
of platinum was prepared containing the same quantity of 
matter as a cubic decimetre of pure water at 4*^ C. This w'as 
called a ‘kilogramme.’ Hence a cubic centimetre of such 
pure water would have a mass of 1 giam. This process was 
adopted with the intention of being al>lc to re-establish the 
unit of mass, if necessary, from the unit of length, but this 
is practically very difficult, and moreover the supposed 
relation is c>nly approximate. Hence both the metre and 
kilogramme are arbitrary standards. 

It is part of the same uniform system to take a density 
of 1 gram per cubic centimetre as unit of density. It was 
intended to make the demsity of water unit, and it is very 
nearly so, for it contains approximately the unit quantity of 
matter in the unit volume. A body which contains 2 grams 
per c.c. would have a density denoted by 2, and so on. 

The numl:>er expressing the magnitude of a given den- 
sity is determined by finding the number of units of mass it 
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contains, and also the numlier of units of volume. Then the 
first number, divided by the second, gives the number expressing 
the density, or — 



when D equals numerical value of density 
,, M ,, ,, ,, ,, mass 

n V „ „ „ „ volume 


The unit of volume, however, is derived from the unit of 
length ; for if I denote the unit of length, denotes the unit 

of area, and P tliat of volume. JTenee we may write ^ 

and perceive! that a, tlie unit of denisity, is deiived from the 
fundamental units of length and mass. 

If a difierent system of units is used in measuring density, 
tlien the numerical values will be found from the following 
equation ; — 

M 


„ Vi 

T 


or 


D M/3 


Here 1), JM, and h stand for the respective concrete quan- 
tities, and dj I for tlie units adopted. 


8. Eelation of Areas to Linear Dimensions. 

A square, the side of which has a units of length, contains 
f?- units of area. 

A rectangle, the sides of which have respectively a and 6 
units of length, contains ab units of area. 

A circle, the radius of which lias r units of length, contains 

units of area. 

A cul>e, the edge of which has a units of length, contains 
Gfi* units of area. 

A sphere, the mdius of which has r units of length, contains 
47r?** Units of area, 

TT stands for 3*14159 nearly. 
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9. Belation of Areas to one another. 

English Measures, 

1 acre contains 4,840 square yards — i.e, a square the side 
of which is a yard. 

1 square yard contains 9 square feet. 

1 square foot contains 144 square inches. 

Metric 

1 hectare contains 10,000 square metres. 

1 square metre contains 100 square decimetres. 

1 square decimetre contains 100 s<|uare centimeties. 

1 square centimetre contains 100 sciuare millimeti*es. 

1 metre = ,39’37 inches nearly. 

10. Belation of Volumes to Linear Dimensions. 

A cube, the edge of which has n units of length, contains 
units of volume. 

A rectangular parallelepiped, of which the r(*sp(‘ctive edges 
liave A, and r units of length, contains ahr units of volume. 

A sphere, the radius of wdiicli has r units of hingth, con- 
tains units of volume. 

A circular cylinder, of lieight h and radius contains 
TtrVi units of volume. 

11. Belation of Volumes to one another. 

English Mcasut'cs. 

1 cubic yard contains 27 cubic feet. 

1 cubic foot contfiins 1,728 cubic inches. 

1 gallon contains 8 pints or 4 quarts. 

1 pint contains 34*009 cubic inches. 

Metric Measures. 

1 cubic metre contains 1,000 cubic decimetres. 

1 cubic decimetre contains 1,000 cubic centimetres (c.c.). 

1 cubic centimetre contains 1,000 cubic millimetres. 
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1 cubic decimetre is called a litre. 

1 litre contains 1,000 cubic centimetres or 1,000,000 cubic 
millimetres. 

1 litre contains 1*76 pints nearly. 

12. Method of Measuring very small Quantities of Matter. 

Although a carefully constructed balance will readily indicate 
a difference of 1 milligram (or *001 gram) between the quan- 
tities in the two pans, and although the milligram ‘ weight ’ is 
the smallest quantity of matter which is placed in the pan for 
the purpose of comparing quantities of matter, yet we have^to 
deal, in chemical measurements, with quantities far more 
minute than milligrams. In order to obtain this great ac- 
curacy of comparison, the operation of weighing is combined 
with that of solution. When a solid is dissolved in a liquid — 
for example, salt in water — there are numerous proofs that the 
solid is evenly distributed through the liquid. A small quantity 
of the solid is taken and dissolved in a large quantity of the 
liquid. For example, *1 gram of common salt may be dissolved 
in some water in a litre flask, and then more water added until 
it is full up to the litre mark. A portion of this may be trans- 
ferred to a burette graduated into cubic centimetres, or even into 
fifths of cubic centimetres. We may thus be certain how much 
of the salt is contained in our carefully measured portions of this 
solution ; and we may be certain, by using the more accurately 
graduated burette, to within the .*0000 (o** *0000*2) of a gram. 

13. Methods of Measuring very small Distances. — The 
Vernier. — Greater accuracy in the measurement of distances 
between two points is obtained when the ordinary scale is 
accompanied by a sliding scale, or vernier, which is divideil 
so that n divisions correspond with n — i divisions of the scale. 

Then each vernier division is ith smaller than a scale division. 

n 

If the vernier has 10 divisions, for example, which are equal 
to 9 of the scale, a vernier division is smaller than a scale 
division. In use, the vernier is moved until the marked point, 
or end, is in the proper position for calculating the required 
dimension. In the diagram (flg. 2) the distance to be measured 
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is from atob, the vernier standing at b, between 5 and 6 of 
the scale. Looking along the scale, it. is found that division 
line 7 of the vernier and 1 2 of the scale more closely coincide 

O 10 20 SO 


^ I .. I I . . 



Fiff. 2. 


than any others. Since each vernier division is less than 
a scale division, the distance between r> and h is of a scale 
division — that is, the whole distance is 5 plus or 5*7. 
With smaller divisions greater accuracy is obtained. 

Samples of verniers, for practice in reading, will be found 
on the barometer, cathetometer, and spectroscope. On the 
last it is used for reading very small angles. 

14. The Micrometer Screw and Spherometer. — A small 
distance may be very accurately measured by means of screws 
carefully constructed, so that a given lengtli of the stem con- 
tains a suitable number of threads. This microm(‘ter scnw 
works within a corresponding hollow sci'cw. 

If the screw has 10 threads in a ccuitimetre, and the 
hollow screw is fixed, one complete turn of the screw will 
cause it to advance 1 centimetre. Tf the head of the screw 
takes the shape of a large graduated circle, containing, for 
example, 200 divisions, then a turn through one of these 
divisions will cause the screw to advance of *1 centimetre, 
or *0005 centimetre. 

In the Whitworth measuring machine a distance may Ixi 
read to one-millionth of an inch, by a modification of this 
process. 

This method of measurement is illustrated in the use of 
the spherometer (fig. 3). A three-branched piece of metal 
stands on three fixed equidistant legs, and a micrometer screw 
with a large divided circular head moves through the centre, 
and is read by the aid of a fixed upright scale. The points 
of the legs and moveable screw are of hard steel, and they are 
adjusted on a thie plane, so that all four are in the same plane 
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when the divided circle is at zero. Small vertical distances 
and curvatures are measured by finding the new position of 



contact for all four legs by the sense of touch. The screw- 
gauge (fig. 4) also illustrates this method of measuring linear 
distances by the movement of a screw. Measurements should 
be taken witJi each instrument. 

16 , Other Methods of Measuring Density. — When a body 
is weighed wJiile suspended in water or other liquid, it may be 
counterpoised by a smaller quantity of matter than when 
weighed in the air. Experiments show that this apparent loss 
is exactly equal to the quantity of water or other liquid dis- 
placed by the body — i,e. to the mass of the volume of the liquid 
equal to its own volume. In order to determine the density 
of a body, suspend it by a fibre of silk or by a thin wire to 
the hook at the end of a balance-beam. Weigh it in this 
position, and then support a vessel containing water over the 
pan of the balance, so that the body may now be weighed 
when immersed in water. Care must be taken that no air 
adheres to the body when in the water, and that the density 
of the water at the temperature of observation is used in 
the calculation, not that of water at the standard tempera- 
ture (0® C.). 

Density* ^rue mass ^ 

Apparent loss of mass Volume, 
in water. 


By reference to a table of the densities of water a* difewnt 
temperatures, we find the volume of water midOipondnij to 
the quantity of matter apparently lost, imd this is iio same as 
the volume of the body measuiid. If the suhste&ce to be 
measured dissolves in water, a liquid which does not dissolve 
it is used. 

If the body does not sink in water, its density must be ob- 
tained simultaneously with that of a heavy body, of known 
density, which will cause it to sink. And a third method is 
to make such a mixture of two liquids, say alcohol and water, 
that the body will float in it at any depth. Then find the 
density of the mixture by direct weighing. This will be the 
same as that of the body. 


Table of Densities. 




M 


y or uidfs of mass in unit vohunp ni 0 ° C, 


Air 

Alcohol 
Aluminiuni 
lirass . 

Copper 
Ether 
Gold . 

Glass 

Glycerin . 

Iron , 

Hydrogen . 

Ice . 

Lead . 

Nitrogen . 
Mercury 
Oxygen 
Platinum . 
Hydrogen sulphate 
Turpentine . 

Sea water , 

Pure water at 4® C. 
Wood. 


0001 
. 0706 

. 2 60 to 2 (>7 

. 7*80 to 8'6«l 

8 30 to 8 H0 
. 0710 

. 10-20 to 10 00 

. 2-60 to 3-60 

1-20 

7-60 to 7-90 
. 0'000089() 

0-918 to 0-92 
. 11-07 to 11-40 
0-001256 
. 13-5im 

0- 00143 

- JJ116to21-53 

1- 864 

. 0-870 

. 1-026 

. 1000013 

. 0-4 to 0-9 


C 
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Additional Exercises and Questions, 

1. Calculate the number of cubic millimetres in a cubic inch. 

2. If 2 litres of air weigh 2*6864 grams, what is the density of air ? 

3. If the jutch of a screw is 1 millimetre and its circular head is 
divided into 100 equal divisions, calculate the linear distance corre- 
spondinfcT with a turn of the circle through 73 divisions. 

4. Determine the pitch of a screw by direct comparison with a scale, 
and also by ascertaining its linear movement when turned within a fitted 
hoJJovv screw. 

B. Measure the circumference of ca penny by marking it and rolling 
it along a scale. Then measure its diameter and calculate from it the 
circumference. 

Cl. Read the height of the barometer by using the vernier. 

7. Take several readings of angles by using the vernier on a spectro- 
scope. 

8. Ascertain the dmmeler of a wire by using the screw-gauge. 

0. Find the thickne.ss of a microscopic cover-glass by using the 
spheroineter. Also nuiasure several cover-glasses and compare the re- 
sult with the last observation. 

10. How may microscopes be utilised for measuring very small 
distances ? 

11. How is a long distance best measured 7 What diflSculties have 
to be overcome and what precautions are needed 7 

12. Suggest methods for measuring irregular areas. 

13. Compare the densities of several liquids by weighing the same 
body in each. 

14. Observe the alteration of density, when the temperature of 
water is raised, by showing that the counterpoise obtained when a 
body is weighed in cold water is not maintained if warm water is sub- 
stituted for the cold. 

16. Suggest a method of determining the density of a body lighter 
than waiter. Test your method. 

16. How* could the density of a gas be found out 7 

17. What precautions are necessary in determinations of density, 
and w’hat conditions liave to be attended to ? Give the observations, in 
order, wiiich are needed in an exact determination of density in the 
case of (<7) a gas, (/;) a liquid, and (r) a solid. 
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OliSEKVATIONS OF CHAXCiE OF FOSITION 

16. Relative Position. — The simplest kind of change observ- 
able in nature is change of j)osition, and tin* simplo.st observ- 
able instance of this occurs when two material piu’ticles change 
their position with n'gard to each other. A simpler ease cannot 
be observed. We are unable to perceive a change* of position 
in space except as occurring between two bodit‘s at least, or be- 
tween two parts of thesann* body. Two bodies art* always needed 
for the perception of movement, rough or exaet m(*asurements 
lieing made from om* to tin* other. For this cause wt^ are not 
conscious of the rajnd movement of the (‘arth, exc(‘i)t by 
reference to some other body in space. One or mort* matt*rial 
lx)dies, coming under any kind of oUservation for investigation 
or measurement, will l>c called a material system. In investi- 
gation of any changt*, it is important to exclude from the 
system all unnecessary members, while including all that are 
essential. All research proceeds by gradually fdiminating the 
non-essential elements of a change, or by including more and 
more members within the region of measurable cbang(\ 

The relative position.s of two material partiedes may be 
repre.seuted by a diagram (tig. 5), wdiere the length of tlie 
straight line A B drawn from a to B represents the distance, 
of B from a. By agreeing to represent a distance in space? 
of one metre by a length of line of one centimetre, or by any 
similar agreement, the diagram becomes a plan drawn to 
scale. 

The relative positions of any number of material particles, 
that is, the configuration of any system, may similarly be 
represented by ascertaining in this manner the distance of 

c 2 
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each from a given origin, and drawing corresponding lines on 
paper. 

We shall now proceed to show that such a representation 
is only partially true. It describes relative distances only. 

Fig. 6. 

17. Means of Defining the Position of a Small Body with 
regard to a Fixed Point. — It is clear that we know nothing 
of position except by reference to some point taken as fixed ; 
and, since our description is always relative, it is of no import- 
ance to determine the real condition of this point, whether fixed 
or moving. Our statements and measurements are made on 
the assumption that the point of reference is fixed, although 
further investigation might show that the point of reference 
is far from fixed. 

It must not be supposed, however, that the measurement 
of the linear distance of a body from a point, considered 
as fixed, completely describes position. It is necessary to 
state the direction in which the distance has been measured. 
For example, the circumference of a circle consists of an 
infinite number of points equidistant from the centre of the 
circle. And all positions on the surface of a sphere are the 

same linear distance 
from the centre of the 
sphere. Something 
more than linear dis- 
tance is needed. We 
require to know the 
direction in which the 
operation of linear 
measurement has been, 
or is to be, made. 

An inspection of 
the diagram (fig. 6) 
will show that if it be merely a question of the position of 
the particle a with regard to the point o, each of them being 
up<«i this flat sheet of paper, we may understand what is 
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meant by direction if we draw two straight lines which shall 
pass at right angles through the point o. Lines A M, a N 
drawn perpendicularly from a to these lines of reference show 
by their relative magnitude in what direction a lies with 
regard to o. It is important to note that our observations 
do not extend l>eyond particles, that is, bodies or portions 
of bodies so small that their dimensions may l>e negleet(*d. 
How small such a l>ody need be will depend upon the purpose 
of the measurements and the accuracy attainable. 

18. Observation of Change of Position.— If the position 
of a particle lx* observed or measured at ditTerent times, 
and the necessary measurements be not found unchangtHl, 
then the particle has undergone a disjdacement or change 
of position. The simplest change of this kind which can bo 
observed is the altemtion in the linear distance between 
two particles a and c. If we consider these two bodies 
entirely by themselves, without reference to any other body, 
we may represent fully by diagram the amoiiut of disfd/ice- 
ment during any gi^ en interval. All that is necessary is to 
draw a straight line, a h, representing the linear distance 
l)etw'een them at the one instant of time, and another line, n A, 
representing in the .stime direction the linear distance attheotlier 
instant. The difference of the two lines in hiiigth taken on 
the same scale represents the displacement, but only wdien th(‘ 
straight lines a b and a h remain strictly parallel. As to 
the exact mode of displacement or condition of thci par' 
tides during the change, such a plan tells us absolutely 
nothing ; and as to whether one alone or both together have 
undergone an absolute displacement, we are unable to decide. 
We are unable to say in the simplest case of displacement 
whether a or b has moved. In other words, we are only 
aware of displacement as a change in a relation of two bodies 
at least, that is, we can observe relatives displacement alone. 
If we refer to a third lx)dy, and make the neces.sary measure- 
ments, it is true we gain additional knowledge, but an exten- 
sion of onr measurements to a fourth body might disclose 
further displacements. A little consideration will make 
clear the connection between our inability to know any- 
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thing of absolute position and our ignorance of absolute dis- 
placement. 

19. Further Observations of Position and Displacement. — 

We have now to consider less simple modes of displacement. 
We have learnt that position, and consequently change of posi- 
tion, must be measured by reference to something considered as 
fixed, and further that reference to a single point is not suffi- 
cient even when we are limited to a given plane. If we 
consider the surface of the floor, one side and one end of a 
rectangular room as fixed, while a body within the room is in 
motion, a simple experiment will illustrate that the position 
of that body is completely defined at any moment by measur- 
ing its shoi*test distance from each of these three surfaces. 
Instead of these surfaces, the roof, other end, and other side 
might be used with the same completeness of definition, 
although the actual measurements might differ. But the same 
result would not follow if two of the surfaces were parallel. 
The three surfaces are best at right angles to each other. The 
body under consideration may now be caused to move in three 
directions, and in three directions only. It may be displaced 
with regard to one surface only, its distance from the other 
two remaining unaltered. It may also be displaced with 
regard to two surfaces at the same time, aiul, lastly, it may be 
displaced with regard to three surfaces simultaneously. These 
three methods include all the possible kinds of displacement, 
that is, if measurements be taken at two distinct times of the 
distances from the three surfaces, either one, two, or three 
may be found to have altered. By taking a number of con- 
secutive observations of tlmse distances and marking the 
positions in some way, we may construct the path of the body. 
In common occurrences of displacement a series of rough 
measurements are made from sight, and, by the aid of memory, 
the path along which the body has moved may be described. 
But in every possible case of displacement, the limit of 
knowledge attainable is that given by three linear measure- 
ments from three plane surfaces at right angles to one another. 
These measurements may be tiiken at as short intervals of 
time as possible, and the more frequently they are made the 
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more completely is the path of the moving body known. Having 
made such measurements at sufficiently frequent intervals, we 
shall find that a particle may move : — 

1. In a straight line with alteration of distance from one 
plane. 

2. In a straight line with alteration of distance from two 
planes. 

3. In a straight line with alteration of distance from three 
planes. 

4. In a curved line with altemtion of distance from two 
planes. 

5. In a curve<l line with alteration of distance from three 
planes. 

20. Practical Measurement of the Paths of Moving Bodies. 

The three necessary planes from which measurements of 
position have to he taken, may be illustrated by three plain* 
pieces of w'ood, screwed together at right angles, as shown 
lielow. For readiness in calculation and measurement these 
pieces of wood should be covered with paper containing linos 
ruled at right angles to each other vertically and Iiorizontally 
on each surfact*. By this means, tin* three inner faces are 
covered with ecjual s(|uart*s of, for example, a centimetre in 
the side ; and if each of the lines so drawn is nuinlH*red, the 
position of a body with n*gard to any plain* is readily per- 
ceived. The numbers may be written along the thr(‘e lines of 
junction as shown in the figur<% 

A small body fixed upon a wire, which is curved at Uhj 
bottom so as to stand, will serve as the body of which tln^ 
position re(|uires to be defined. DiHerent values result from 
the measurement as its position is changed. Several observa- 
tions should be made and recorded. It will be noticed, how- 
ever, that the distance from one plane, which is the one on 
which it stands, does not vary from the natun* of the sufjport. 
This may be varied by bending the wire. A little considera- 
tion of the model will show that we may get sufficiently 
accurate results by shutting one eye and looking with the 
other at the position marked by the body on each surface in 
succession. 
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Instead of varying the position of a body we may support 
a wire, a h, as shown in the diagram, in such manner as to 
represent the path through which an imaginary body has 

been, or is being, dis- 
placed. The position of 
the wire may be varied in 
any manner, and it may 
be made to assume any 
siiape. A number of 
measurements should be 
taken of various possible 
paths. 

If we now introduce 
an irregular-shaped body 
of considerable dimen- 
sions, it will at once be 
seen that three linear 
measurements are not 
sufficient to define its 
position. They would 
in fact define nothing 
more than the position of that portion of the body from which 
they were made, and no information would be supplied as to 
the rest of the body. In order to obtain this information 
accurately each portion of the body would require to be defined 
by its distance from the three planes ; but if the body is a 
rigid body, it is generally sufficient to make measurements from 
various portions of its surface. The more numerous the por- 
tions measured, the more accurate will be the description 
given by them of the position and shape of the body. It 
will be readily noticed that by shape we mean relative position 
of parts, 

21. Observation of Rotation.— It must not be supposed that a 
knowledge of the exact position of any given portion of a body 
at two different times is sufficient for the purpose of describing 
the movement which the body has undergone in the interval, 
however small this interval may be. We might find that in 
the interval the separate portions of the body have moved 
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along paths which do not resemble that of the body as a whole. 
In other words, a rotation of the body may have tiiken place in 
addition to A translation, and it is at once recognisable that the 
essential of rotation is the possession of parts. That is i*otation 
cannot exist unless a body possesses parts, and it cannot bo 
observed unless we distinguisli parts. If a sphere of perfectly 
even and similarly coloured surface were rotating we should 
be unaware except by touch. To become aware, marks upon 
the surface would be needed, from which rough measurements 
could be made by eyesight. In the case of an irregular-shaped 
body, rotation is easily observed. By making a hole in a body 
and placing it on the various wires representing paths, illus- 
trations of rotation may be given and its meaning made clear. 
Combinations of rotation with the various kinds of translation 
may also be shown. With this arrangement wo find that a 
given body is capable of ton modes of motion with regard to 
three given planes, viz., the five which we have shown a point to 
be capable of exhibiting, together with five others derived from 
a combination of these with rotary movement. If we are not 
limited to special planes for purposes of mt^asurement, wo are 
able to arrange all kinds of motion into six classes, namely : — 

1. Displacement in a straight line. 

2. Displacement in a plane curve?. 

3. Displacement in a non-plaiiar curve. 

4. Displacement in a straight line with rotation, or rotation 
alone. 

5. Displacement in a plane curve with rotation. 

6. Displacement in a non-plaiiar curve with rotation. 

All these classes should be iliustrate^d not only with single 
liodies, but with systems of separate bodies, joined together by 
wires, and so forming a rigid system, that is, a KyHt(?ni which 
does not undergo any internal displacements. In reality the 
parts of any rigid solid form such a system. If a system 
undergoes change of shape, if, for example, tlie wires connect- 
ing the various parts of the system used as a model were to 
shorten or lengtlien while other displacements are taking place, 
it is easy to see how very complicated the path of any member 
of Uie system may be. 
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Additional Exercises and Questions, 

1. Wby are two lines at least needed in order to define the position 
of a particle in a given plane ? 

2. Compare the above method of defining position with that of using 
angles. Give diagrams. 

8. Show by diagrams that the position of one point in a given plane 
with regard to another requires either two lines at right angle.s, or two 
lines drawn from these points to a third, before any description of that 
position can be given. 

4. There arc four points in the circumference of a circle which are 
similarly situated with regard to any two diameters drawn at right 
angles, llovv may their position with regard to one another be 
described ? 

fi. How may the position of a given area bo defined ? 

G. Draw a diagram defining the j)osition of four particles in the same 
plane with regard to (\acli otlier, that is, describe the configuration of 
such a system of particles. 

7. Ilcpresent, by throe sheets of paper or three books, three planes 
at right angles to one another. 

8. Measure on the mod(‘l planes the distance from each of a small 
body support ed on a wire. U.se a piece* of string and a scale for 
measurement. Also measure from the .squares by eye. 

9. Place several bodi(!s on the model to re])r(*sent the different posi- 
tions at different moments of a given body, and bend a wire to show 
the prol»able path of the body. What conditii>ns must be assumed 
before this path can be taken as the true one ? 

10. Fix wires to show the various paths in which a particle may 
move with regard to the model. 

11. Fix wires which shall represent the possible paths of a portion 
of a large body. How would they be altered if the shape of the body 
were changed during the displacement / 

12. Show that every portion of a rotating body moves in the second 
or third mode stated a.s j>ossible for any particle, that is, cither in a 
plane or non-planar curve. 

22. Bate of Change of Position. —When both the extent 
and duration of a given displacement are observed we become 
conscious of motion. 

The unit of time is the second. Tf a displacement of a metre 
along the straight line joining two particles occurs in a second, 
or of two metres in two seconds, and so on, then if one of the 
particles be considered as fixed, the other is said to be in motion 
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at the rate of one metre per second, or to have, if the displace- 
ment is uniform, a speed of one metre per second. It is im- 
material which body is considered as fixed in position. 

The numerical value of the speed of a body so moving is the 
same as the number of units of length which are added in the 
unit of time to its distance from a selected origin. 

23. Change of Speed, or Acoeleration.^Motion is not 
always constant. It may be variable. If it be constant, 
the speed of a material particle, measured at two dilferent 
times, is found to be unchanged. If it variable*, the speed 
is said to accelerate. The ace(*leration may bt* positive or 
negative, that is, there may be an increase or a decrease*, of 
speed. The change in .speed occumng in a given intei-val 
gives the conception of rate of acceleration, just as spc*ed 
is derived from combining the magnitude of thc^ di.stance 
traversed with the time occupit‘d. It is also obvious that 
the rate of acceleration may .similarly be eith(‘r constant 
or variable. 

It will be seen that the numerical value of rate* of rectilinear 
andunifonn acceleration is measured by the numlnu’ of units of 
speed which are gained or lost in a unit of time. 

24. Measurement of Time. — We are directly conscious of an 
order or sequence of events. The* experienct* of all generations 
has led men to regai-d certain events as r(*curring with suffi- 
cient regularity to be constituted into lixt‘d points, from which 
the more variable events may be dated, and by which they 
may be compared with one another. These regular events an^ 
the alternation of day and night, the changes of the moon, and 
the apparent maximum height of the sun. From these crude 
reckonings our more exact conceptions have grown ; but wc* 
still have to depend upon the rotation of the earth for our 
measure of time. 

A chronometer or clock is an instrument constructed so 
that the index moves over one division of the second -dial in 
ifT.iir7r mean solar day. The number of seconds, elapsed 

since the beginning of the day, is calculated by means of the 
minute and hour fingers. A chronometc?r is compared with 
the revolution of the earth in the following manner : — 
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A t^leewiope t(rlth & vertical cross^wire is moimted so that 
it swings in the plane of the meridian. The first apparent 
contact of the sun with the cross-wire is compared with the 
chronometer, and the contact again noted the next day. This 
observation gives the length of a solar day. These, however, 
vary throughout the year. The year is the period in which the 
earth completes its orbit round the sun. The mean length of 
all the days throughout the year is found, and it is called the 
mean solar day. Time-keepers are constructed so that the 
seconds, marked by them, are calculated mean solar 

day. This second is the unit in all physical measurements. 

The interval between successive transits of the same fixed 
star is called a sidereal day. A star being practically at an 
infinite distance, a sidereal day is the accurate period of the 
earth’s rotation. The sidereal day is slightly longer than the 
mean solar day. 

25. The Resultant of Two Simultaneous Displacements. — 

It is clear that a given displaceinfuit may liave resulted from a 
movement along any number and any variety of paths. Ob- 
servations alone can decide the manner in which the displace- 
nient ])iY)ce(^(/ed. A particle may move in a straight line ab, 
or it may Jiave taken any other path, such as A c, c b (fig. 8). 

If the particle reach the 
position B at the same 
time by either path, a 
certain relation must hold 
between the speed along 
AB and the speeds along 
the paths a c, o B. The 
numerical value of the one must be the equivalent of the other 
two speeds, since the same result is obtained in each case, 
although the e(|uivalence may not he very clear. If the cause, 
whatever it may be, which produces the displacement along 
A c co-exists with the cause which would, if it acted upon the 
body when it is in the position c, produce the displacement 
along c B, it will be perceived that the displacement will take 
place along the path a b, but only in those cases where the 
directions and amounts of displacement during a given time 



A B 
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could be represented, as in this case, by the three sides of a 
triangle. In other words, we njiay have one side of any tri- 
angle representing in direction and magnitude the displace- 
ment which takes place in a given interval of time, when a 
body is simultaneously acted upon by two causes which would, 
if they acted at diderent but equal intervals, produce dis- 
placements represented respectively in magnitude and direc- 
tion by the other two sides of the triangle. This generalisation 
may be expressed in still another form. We may say tliat if 
a body is subjected to conditions which would bring about a 
certain speed in a certain direction, and also to further con- 
ditions which would bring about, if the previous conditions 
had not existed, another speed in another direction, then the 
direction and magnitude of the resultant speed, which the 
body really acquires under the joint conditions, may be calcu- 
lated from the rectilinear distance to which the body would 
have been moved if the component displacements had suc- 
ceeded one another instead of being simultaneous. In case 
of two causes, or two combinations of causes, which would 
be capable in succession of giving to the body the speeds re- 
presented by A c and c b happening to coincide in time, then 
the line a b represents, in magnitude and direction, the resultant 
speed, or the direction and rate of the resultant displacement. 
We have therefore to rememlxjr, in connection with clianges of 
this kind, not only direction l)ut speed, or rate of displacement. 

26. Further Consideration of Simultaneous Displacements. 
In the last section we have learnt how to find the resultant 
of two displacements. Tlie method given is applicable; to any 
number of displacements. It is merely necessary to note that 
our diagrams may be polygons instead of triangles, and that our 
method only applies to displacements whicli take place in tin; 
same plane. For displacements in different planes diagrams 
on paper would not suffice, but wire models may be constructed 
to exhibit both direction and magnitude. 

It is easy to see that if a body is acted upon by a cause 
which is capable of giving a displacement equal and opposite 
in direction to the resultant of displacements which would l>e 
produced by the action of other causes, then the lx)dy is at rest 
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in spite of the seveml causes tending to move it. It is frequently 
needed to find the causes which will be effective in keeping 
the equilibrium of a body in opposition to causes which may 
tend to displace it in various directions and at various rates. 
Those conditions will be effective under which the body would 
acquire a displacement equal and opposite to that which would 
be the resultant of the other displacements. 

It will afterwards be found that these considerations will 
sometimes be brought to bear upon important problems which 
require the above processes to be reversed. We frequently 
require to resolve a given displacement into its components — 
that is, to ascertain what other displacements would find in this 
given displacement their own resultant. And most commonly 
these displacements require to have directions which are at right 
angles. 

The construction of a few diagrams will show that a given 
displacement may result from an infinite variety of component 
displacements, and consequently a given displacement may be 
resolved into an infinite variety of components. 

ui ddifional Exercises and Qtiestions, 

1. How is it determined whether the velocity of a body is uniform 
or variable ? 

2. What is the unit of velocity in the C.G.S. system? What would 
be the displaceiiKUit in three minutes of a body moving uniformly with 
a velocity of seven ? 

:i. Show by a diagmm that a single act of disphicement may 
produce the same result as two or more successive displacements. 

4. What will be tht* joint effect of several causes, e.ach of which sepa- 
rately would produce the same displacement in the same direction? 
What would be the ('ondition of a body acted upon by causes which 
tend to move it in exactly opposite directions ? 

5. By what processes would you trace the real path with regard to 
the earth of a person walking on the deck of n ship in motion (1) for- 
w'ord, (2) aft, (3) from side to side I Dnnv diagrams and state the data 
required for calculating his velocity with regard to the earth in each 
case. 

6. What will be the condition of a body which is acted upon at the 
same moment by causes which w’ould, if they acted in succession, pro- 
duce in it during equal intervals the displacement represented in direc- 
tion and magnitude by the three sides of a triiingle taken in order ? 
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7. Show that if two adjacent ddee of a paiaUelognun represent in 
direction and magnitude the displaoemente produoed in equal intervals 
of time hj two given causes, then the diagonal line between them must 
represent the direction and magnitude of the displacement produoed in 
the same interval of time when these causes act simultaneously, 

8. Show that the statements which have been made about displace* 
ments which take place in equal intervals of time must necessarily 
apply to speeds. 

9. Show by diagram how to find resultant of any numl)cr of dis- 
placements occurring simultaneously in the same plane. 

10. Construct a wire model to exhibit the resultant of several dis- 
placements in different planes. 

27. Examples of Mechanical Constraint of Motion.—- The 

ordinary methods of constraining motion or rendering 
it determinate, and those which may he seen illustrated 
very frequently in machinery, are three in numlM*r, viz., the use 
of (1) guiding grooves or slots to allow sliding only, (2) pin and 
eye to allow turning only, (3) helix or screw guides, to allow 
screwing only. Tt will he seen that grooves jind slots only 
allow translation in the direction of the groove. TJie pin and 
eye allow only rotation about an axis, while the helix allows 
rotation to proceed simultaneously witli translation. It will 
lie seen that the rigidity of solid matter is here utilised to 
prevent movement except in the desired directions. 

These modes of constraint really form the l)a8isof machinery. 
We may obtain from them examples of all the kinds of dis* 
placement of which a body has heen shown to lu* capable. 
But Lnosinuclj as a lx)dy near tlie surface of the earth lias always 
a tendency to move tow'ards the earth, we always find the 
other movements of a liody modified by this tcmdency, w'hich 
also largely influences the structure of rnacliiiu's themselves. 

The most eoiumon as well as the most effective mode of con- 
straint is that in which a body moves along a straight groove ; 
examples of this may be seen in a piston working in a cylinder, 
and guide-blocks working in their guides. A lathe-bed or 
optical bench will also serve as examples. In these cases it 
will be seen that all particles of the guided and constrained 
body have parallel rectilinear paths. 

In cases of the second mode of constraint, such as the 



A little consideration will make clear the following state- 
ments : — 

1. That if one point in a body be fixed, there can only be 
rotation taking place in that system, but the rotation may 
take place in any direction. 

2. That if two points in a body be fixed, then the given 
system is still capable of undergoing rotation, but the rotation 
in question can only take jdace about the straight line in which 
these points are found. This straight line is called the axis of 
rotation. 

3. If three points which are not in the same straight line 
be fixed, then there can be no movement of the body. 

•1. Jf one point in a body 1x5 constrained to move parallel to a 
liiui, the body may undergo rotation or translation or both. 

r>. If two points in a body be constrained to move parallel to 
a line, tlie body may be translated or rotated in one plane. 

6. If three points in a body be similarly constrained, the 
body may only l>e translated. 

28. The Conversion of Circular into Eectilinear Motion. 

We may readily show that a body may be constrained in two 
directions at right angles to one another, so as to take a 
circular path. The rectilinear motion of the bar (fig. 9) be- 
tween the guides at c and d causes the block e, moving in the 
groove A p, to have a circular path. The circular motion is 
produced by two sliding constraints at right angles. 

The conversion of circular into rectilinear motion (or, as it 
is called, reciprocating motion, on account of the to-and-fro 
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movement in a straight line), and inversely of rectilinear into 
circular motion, is also seen in fig. 10. A common requirement 
in mechanism is that rectilinear movement along a given line 
shall produce circular motion. This is seen in the rectilinear 
movement of a piston l>eing used to drive a wheel by means 
of a crank -ixkI. The model shown may readily l>e cut out of 
cardboard and pinned together. The gixmvo c u corxH'sponds 
with the cylinder, and the part A n acts as a cmnk-rod, while 
the circular portion answers to tlie driving-wheel. I\v inst'rt- 




ing the point of a pem-il tlirough A and n the two paths may 
l>e marked on paper. 

Methods of mere transference of motion may be seen in 
the leather bands by means of which motion is handed on 
from one wdieel or pulley to another where needed. In this 
case we have the rotation of the rim of the pulley causing 
ordinary rectilinear motion in the band, and tliis, when it is 
iiee<led, is again convei’ted by contact with another pulley into 
rotary motion. In a locomotive the reciprocating motion of 

V 




34 


ELEMENTS OF LABORATORY WORK 


the piston-rod is converted into circular motion in the driving- 
wheel, and this into the rectilinear movement of the loco- 
motive by the friction of the rails. Every piece of mechanism 
affords some illustration of change or constraint of motion. 


Additional Exercises and Questions. 

1 . Bend a piece of wire so as to exhibit the path of any particle in 
a nut moving upon a screw. How would you proceed to make your 
moflel exactly represent the path of a certain particle upon a given nut 
moving on a given screw ? Describe also the path of any particle in a 
screw moving through a stationar}' nut. 

2. Aseertnin by direct observation the paths of a jiarticle iu a wheel, 
or round rlisc, rolling in a straight line. Draw it upon paper, and 
explain its .shape, 

3. What would be the path of eveiy portion of a wheel which is 
spinning and being moved in the direction of its axis ? 

4. Give examples of each kind of mechanical constraint of motion, 
stating the mechanisms which exhibit them. 

fj. How would you fix a given Vjody so that it can move in a circle 
which may lie in any plane ? 

(). Suggest a mechani.sm for converting one rotation into another 
rotation at right angles. 

7 . Show by means of a diagram — (1 ) that when a rigid body is trans- 
lated, every particle in it moves through an equal distance in the same 
direction, and (2) that when a rigid bod}’ rotates, each particle does 
not move through the same distance nor in the same direction. 

8. Make clear by diagrams and observations that any displacement 
of a rigid system may be produced by a translation together with a 
rotation of that system about any point in it. 
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CHAPTER III 

0K8EIIVAT10NS OF CHANOK OF TEMPERATrRK 

29. Change of Temperature Causes Change of Density. — 

1. A liot body is placed in contact with a cold one. The cold 
body )K*coines warmer and tlie liot one colder. Generally, 
when l>odies of different tem}>eratures are jdaced together they 
will be found to assume the same temptTaliire gradually. 

2. Observe the increase in size of a pi«*ce of iron, or better, 
of platinum, when in cont/ict with a hotte?- body, for cxampks 
a gas dame. Counteri»oise when cold, and after it has l>oen in 
contact with the hot In^dy, replace it on the balance*. Observe 
that the balance does not indicate any change in the. (juaniity 
of matter. (»enerally, a rise in tempei'jitiin* is accompanied 
by a d(‘crease in density, i.#., tlie sjime (juantity of matter tills 
a larger volume. 

3. Fill a .small fla.sk with water, mark on the flask the. 
level of the water, and till a similar flask witli tlie same 
volume of mercury, and mark its level likewi.se. Place the 
flasks in contact witli a warmer Ixxly, c.y., place tliem within 
a vessel containing hot water heaterl by a gas flame. (Observe 
that the level of each liquid changes, but to a different extent ; 
while the quantity of matter in each case may Ik; shown, by 
the balance, to Im» unclianged. Roth llie mercury and the 
water are raised to the same temperature ; but their densities 
are not equally diminished. The glass of the. flasks will also 
change in density, but to the same extent for each, so that the 
apparent expansions give the actual relative expansions. 

The thermal condition or temperature of a l)ody changes 
by thermal conduction or radiation. Conduction is dependent 
on material contact, that is, it only takes place when bodies 

u 2 
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touch one another, but radiation takes place between bodies 
when separated even by great distances. In any system of 
material bodies, whatever may be their natures, relative posi- 
tions, and temperatures, the final condition of the system is 
one in which they arc all at the same temperature. The 
change may proceed by conduction or radiation, or by both. 
It is to be noted tltat we are directly conscious of variety of 
temperature, just as we are directly conscious of variety of 
motion. 

30. Standard Temperatures. — 1. Observe that a thermo- 
meter shows the temperature of ice to remain constant while 
melting. Several observations are to be made. The density of 
the mercury in a thermometer does not alter until all the ice 
is melted. 

2. Observe similarly that the temperature of water, when 
it boils under unaltered conditions, remains constant. 

3. Note that these two stateimmts cease to be true if the 
thermometer is vc'iy large oomjwired with the (juantity of ice 
or watei’ used. 1 n each case the introduction of the thermo- 
meter, a body of a dillert'nt temperature, aflects the thermal 
condition of the system ; but after a time the thermal condition 
becomes constant again, and is unaltered so long as the water 
boils or the ice is melting. 

Two stiindard temperatures are tlius found, and other 
temperatures may be compared with them. The ordinary 
tliermometer is construct(*d of a thin closed glass tube with a 
bull» at one end. This bulb, and a portion of the narrow even 
bore of the tube, contains pure mercury. Tlie rest of the tube 
is empty, so as to allow f>*ee movement of the Tuercury. We 
perceive tliat an alu^nition of temperature causes the mercury 
to expand more than the glass containing it. The use of the 
instrument i.s founded on this ineijuality of expansion. 

Tlie variations in the level of the mercury column, due to 
changes of density, are obser\'ed by the help of a scale. This 
scale is constructed by marking as zero the position of the 
column when the thermometer is placed in melting ice ; and, 
when the thermometer is in boiling water, marking the posi- 
tion of the column 100®. Between these points the scale is 
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subdivided into 100 equal lengths. A tliermometer with a 
scale of this kind is said to be centigrade. 

When a portion of matter is at such a temperature that 
the raercurj’ in a themionieter, placed so as to be in thermal 
equilibrium with it, stands opposite a certain number on the 
.scale, that portion of matter is said to have a temperature 
of that number of degrees. For example, if the lovtd of the 
mercury is at 15 the body is said to have a temperature of 
15 degrees centigrade (or 15*" C.). There is no diHiculty in 
perceiving that we add nothing, so far, to ou!* knowledge, 
when we say that a body is at 15° C. temperature. The 
thermometer is an instrument which enables us to say when 
two lx)dies are in the same thermal condition, on the assump- 
tion that similar causes produce similar eflects. This assump- 
tion will afterwards be found to be r(*asonabh'. We cannot, 
however, yet consider that these numbers or degrees alFord 
an^'thing more than a rouglj comparison of different thermal 
conditions, nor is it likely that they give any correct informa- 
tion about the real basis of temp(‘ratur(*. 

By the use of the balance we are able to decide when two 
quantities of matter are equal, and by the use of the ther- 
mometer we can judge when tw’fi bodies are at the same 
temperature. But by the use of the balance* we can com- 
pare two quantities of matter, by collecting together a sulliiuent 
number of sufficiently small .standard (juaiitities to produce in 
each case the same effect. The numbers then indicate the nda- 
tion in quantity. In the case of t<*rnperature, on the other 
hand, we have at present no means of estimating (|uantity, 
and we aix* face to face \vith a different order of pheriomena. 
Equality of temjK?rature, just like sameness of colour, has 
no apparent connection with quantity. We begin now to deal 
with a condition or quality which cannot l>e isolated from 
matter, and wliich cannot be divided into parts or added 
together. We can, however, observe that chaiiyesoi tempera- 
ture are determined both by the quantity and the kind of 
matter in which they take place. By combining the concep- 
tion of temperature with that of matter we may regard a 
change of temperature as a measurable quantity. 
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31. Eelation of Temperature-changes to Quality and 
Quantity of Matter. — 1. Observe that when two quantities of 
water at different temperatures are mixed, the resultant tem- 
perature of the mixture is intermediate and varies with the 
quantity and temperature of each. 

2. Observe that when equal quantities of turpentine and 
water at the same temperature are mixed respectively with 
equal quantities of water at a different temperature, the 
mixtures do not a^^ree in temperature. 

3. Observe that if two quantities of water at the same 
temperature, one of which is double the other, be mixed 
respectively with two other quantities of water, also in the 
ratio of 2 to 1 , but at a different temperature, then the same 
temperature results in each case. Observe also that this 
holds true for other liquids, ejj. turpentine, and for other 
relative quantities, vaj, 3 to 1, or 2 to 3, and so on. 

Tlie above exercises show that, when bodies of different 
temperatures are brought together, the resultant temperature 
varies with the quantity and nature of the matter contained 
by these bodies. The same temperature, however, is obtained 
if two quantities of matter, one at a high and one at a low 
temperature*, be nii.xed, as is obtained when we mix two 
ditlerent quantities, at the same re.spective temperatures, 
either of tin* same or a different kind of matter, provided only 
the .same relation in quantity be maintained. It is almost 
unnecessary to state that this experiment, and all others too, 
will be accurate only when our observation includes everything 
that is changed during the operation. Any change of tem- 
perature in one body proceeds simultaneously with changes 
of some kind in one or more other bodies. We are now con- 
cerned, however, with co-existent thermal changes only, and 
these may be observed to be reciprocal, Le. a certain quantity 
of matter rises in temperature while another quantity falls. 
If a hot body be exposed in a room, the temperature of the sur- 
rounding bodies, including that of the air and the walls of 
the room, will rise, whilst its own temperature falls, until 
there is the same temperature everywhere. Hence arises the 
necessity in these preliminary obsen’ations of using liquids 
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which mix together so completely that they readily come to 
the same temperature throughout. The errors, due to changes in 
other bodies, must, however, always be taken into account. 

Various methods of raising different kinds of matter to 
the same temperature are possible. It is convenient to 
place them in thin glass vessel.s inside a larger vessel of hot or 
boiling water until a thermometer indicates the same tempt'ra- 
ture. 

32. Equal Quantities of Ice Melted during Equal Tem- 
perature-changes in Equal Quantities of the same Kind of 

Matter. — 1. Place equal quantities of ice in equal (|uantities 
of water at the same temperature, and observe' in (*ach case* that 
the water is at the same, though lower, ((‘mpei’ature, after the 
ice is melted. 

2. Observe that the quantity of ice melted in an ice calori- 
meter varies dii’ectly with the quantity of matter used, pro- 
vided the bodies inserted are of the same tt'inperaturc* and of 
the same kind of matter. 

3. Observe that e{[ual quantities of difh'rc'iit kimls of 
matter at the sjime tenqxM’ature melt diHer(‘nt <juantitif‘s of ice, 
although they have meanwhile undejgone the same changes of 
temperature. Use mercury and watei-. 

The alx)ve exercises .show that the same physical change 
that is, the change of a given quantity of ic(* to water - is 
accompanied by an external change of temperature, which 
varies in different kinds of matter, but bears a simple relation 
to the quantity of matter undergoing it. The .same change, 
of temperature in equal (juantities of the .same kintl of malt<*i‘ 
is accompanied by e<jual changes, wliether of temperature or 
of another cla-s-s, in equal (juantities of other bodies, but the 
same temperature-changes in equal quantities of difh^nmt 
kinds of matter are not equivalent. Tliey are not r(*cij)rocal 
with equal changes in other bodies. 

The change from ice to water is not a change of temjx'ra- 
ture. The temperature remains the same, although neigh- 
bouring bodies simultaneou.sly undergo a considerable thermal 
change which may be shown to be, for the same (juantity of 
ice, constant in magnitude. 
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One form of an ice-calorimeter consists of several vessels 
with ice arranged so that a hot body placed inside may cause 
some of the ice to be melted and allow it to be measured. 
With the construction shown in fig. 11, the quantity of water 
which runs out into a measures the amount of ice melted by 
the body placed in B. The ice-jacket c c prevents the ice in D 
being melted by an external change of temperature. 

A calorimeter yielding more accurate results is one in which 
the quantity of ice melted is measured by the diminution of 




volume then taking place. Water in H (lig. 12) is caused to 
freeze around the tube A by a cold body placed within it. The 
tube c is connected with a mercury gauge which indicates 
changes of volume, and the body to be investigated is dropped 
into A. This instrument requires more care in manipulation 
than the former, especially in fixing on the gauge. The ex- 
periment need not be performed at this stage. 

33. To Measure the Corresponding Temperature-changes 
in Water and Copper. — W eigh about 20 gmms of copper wire 
rolled into a ball ; attach a thread of silk, place it in a large 
test tube together with a thermometer, and then immerse 
both for five minutes in boiling water. The thermometer 
will indicate the exact temperature. At the same time have 
ready a known quantity of water in a glass beaker, with a 
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thermometer showing its temperature. Convey the copper to 
the beaker as quickly as possible by means of the silk, and 
note the change of tempemture taking place. 

The temperature of the known quantity of water rises, 
whilst that of the known quantity of copper falls, until there 
is thermal equilibrium ; but the resultant temperature shows 
that the fall is not e(|ual to the rise, nor are the respective 
changes proportional to the relativ(» <]uantities of copper and 
water present. 

Although it leads to greater accuracy to us(* a !•elatively 
large quantity of water in this experiment, wo may infer 
that with equal quantities of water and copper different tem- 
perature-changes would be reciprocal. Observations with 
other substances indicate, similarly, that the same temperatun' 
changes (as marked by the thermometer) an' not ecjui valent 
for different kinds of matter. It must be renu'inben'd that 
only approximate results will be obtained unless we ]u*event 
surrounding bodies, including the air, from taking part in the 
thermal changes without being estimated in our calculations. 
Calorimeters, such as already described, are inlend(*d to effecd 
this requirement. 

A unit of temperature- change is re(juin*d for purposes of 
measurement. Pure water at any tem)>(*rature Ix'twecm O' 
and 4° is selected as the standard substance in whieh it is to 
be observed. 

A change of 1° C. in 1 gram of wat(‘r at any tcniipera- 
ture between 0° and 4° C. constitutes the unit t(imperature- 
change, and forms a basis for thermal measureirjents. If 
2 grams of water are thus altered there an* 2 units of tem 
perature-change, and if 2 grams alter by 2^, as indicated by 
the thermometer, the numerical value of the total temperature- 
change is 4. 

Accurate observation shows that very nearly the same 
numerical values are obtained if the temperature- changes, 
which commence on a higher point of the scale, are t/iken as 
equal to similar changes Vjetween 0® and 4 ° C. In rough ex- 
periments this may always lie done. A change from 20° to 
21° may be considered equal to a change from 2° to 3°. 
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A given substance may be conveniently raised to a high 
temperature, and transferred to the known quantity of water 
with less risk of its temperature falling during the transfer, if, 
instead of the last process, we use a wide tube A (fig. 1 3), fitted 
at each end with a cork, through which an inner tube B passes. 



The space l>etweeii the two tubes is now filled with steam by 
connecting it at s with a flask of boiling water ; a cork, into 
which a thermometer c is fitted, serves to hold the body sus- 
pended in tlie inner tube, and to allow it to fall, when required, 
into the water, which should be placed directly underneath. 

We learn from the table below that a given change of 
temperature in 1 gram of w’ater is equivalent to the same 
change of temperature in 1*62 gmms of ethyl alcohol, 2*22 
of benzene, 10*64 of brass, and so on. These values will be 
found to bear no relation to densities or to the quantities of 
matter in equal volumes of the various bodies. They indicate 
a totally distinct relationship betw een various kinds of matter, 
and later observations in electricity and chemistry will show 
that this relationship may be discovered in other phenomena. 
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Thermal Equivalents. 

Numbers expressiiiff the Relative Quantities of Various Kinds 
of Matter tvhich are Equivalent in Thermal Change. Water 
is taken as Unity. So-called ‘ Specific Heats ’ are the Reci- 
proca Is of th ese Xu m he rs. 


Air 

. •1214-7 

Ice . 


2*(M) 

Aluminium 

4ur.o 

Iron . 


8*Jt2 

Antimony 

18:143 

Lead 


. :n*7J 

Arsenic . 

12*285 

Magnesium 


4*081 

Bismuth 

:{2*7s<; 

Mercurv (li(juul) 

. :u*:}28 

Brass . 

10*64 

riatinum . 


. :io*8t;4 

Benzene 

2*22 

Silver 


. 17*880 

Cadmium 

10*610 

Sodium 


3*408 

Copper . 

10*52 

Sulphur 


5*4.3 

Ethyl alcolml 

1*62 

Tin . 


. 17*880 

Glass 

5*05 

Water 


1*00 

Gold . 

:iO*864 

Zinc 


. 10*60 


Hydrogen .suljtlialc 

We limy, perliaps, now begin to r(*gard thennal elianges as 
conditional, not on the volumes nor the masses of th(‘ bodies 
taking part in them, but rather on something wliicli is within 
the body itself. E<|ual masses are not eajui valent, nor an* 
equal volumes. Further investigation will show that under 
certain conditions tht* minute particles which are , u[)f)osed to 
constitute matter are thermally equivalent. 

34. To Measure the Numerical Value of the Temperature- 
change occurring in Surrounding Bodies when 1 gram of 
Ice Liquefies. — Aweiglied quantity of water in a glass beaker 
is prepared, and its teirijx^rature ascertained by a thermorneU*r. 
Ice which has been standing in the room for some time, so as 
not to have a lower temperature than 0^ C., and which has 
been dried, is added in quantity afterwards detc^rmined by 
re- weighing the beaker and water. When all the ice is melted, 
and the whole has been thoroughly stirred with the thermo- 
meter, the temperature is again noted. 

A known quantity of ice has changed to water without 
change of temperature (remaining at 0° C.), and has then 
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altered from 0® C. to the observed temperature of the mix- 
ture. These two changes have proceeded simultaneously 
with the temperature-change in the quantity of water first 
taken, which has fallen from its original temperature to that 
of the mixture. By making use of the definition of the unit 
temperature-change we can obtain a numerical value for the 
latter temperature-change, and likewise one for the water 
yielded by the ice in rising from 0° to the final temperature. 
Th(‘ difference between the two magnitudes gives the numeri- 
cal value corresponding with the change of state of the quan- 
tity of ice which has been used ; and from this it is easy to 
calculate the numerical value for 1 gram of ice. 

Tlie most accurate values obtained have been from 79 to 
but tliis experiment will only give approximate results, 
since tlie clianges produced in the air and the beaker itself have 
not been takeji into account. Greater accuracy may, how- 
ever, h(‘ obtained by enclosing the beaker in non-conducting 
material, such as cotton-wool, and finding out how much 
water the glass of tlie beaker would be equivalent to, and 
adding this to the other quantity thermally changed. 

We must inf(T tliat the melting of ice is always accom- 
panied by changes equivalent to those liere measured, what- 
<wer the surrounding bodies may l>o. 

It is convimient in tliormal measurement to consider the 
unit change of temperature as caused by a unit quantity of 
heat. Wv may th(*n shortly describe the above process by 
saying that SO units of heat are required to melt 1 gram of 
ice. If tin* temperature of a body rises, it is said to gain 
heat ; if it falls, to lose it. Hut as we ai*e able to observe 
directly only such changes in the properties of bodies as we 
have agreed to class togi'ther as temperature-changes, or as 
caused by temperature-changes, it is importi\nt to remember 
that the terms, gain, or loss of ‘ heat,' are merely convenient 
expressions for changes of temperature. More exact know- 
ledge of temperature-change cannot be acquired until its co- 
relation with other pliysical changes is shown. We shall 
then learn what it is that is gained or lost during change of 
temperature, and why it is that the passage of ice, and of all 
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other solids, to the liquid state involves a thermal change in 
surrounding bodies without any change in their own tempera- 
ture. 

35. To Measure the Temperature*ohange in a Known 
ttuantity of Water corresponding with the Gasification of a 
Known Onantity of Water, or the Numerical Value of the 
Temperature-change involved in changing 1 gram of 
Water at 100° into Steam at 100°. — A known quantity of 
water is taken in a glass beaker, its teinpcM-aturi' is ascertained, 
and tlien steam or water-gas is allowcnl to pass into it for a 
short time. The quantity of steam added and the change of 


temperature produced is easily deter- 
mined, but it is important tliat only 
water gas and not cond('ns(‘d st(‘ani la* 
added, or the determinations will he 
inaccurate. With this jairpose the 
tube A, leading tin* steam into tlie 
watfT, is a narrow tube, titt(‘d with a 
cork into the biggei' tub<* n, so that 
the steam leading into tln‘ watei- is 
maintained at 100°, and is shiehhd 
from the cooler air l^y tin* steam in n, 
which will be found to condense jmrt ly. 
The water in the beaker (’ should la* 
shielded from the (‘llects of tin* flame 
by which the water in the flask n is 
made to boil. 



|•K^ II. 


This method is not direct, and w<* have to assume that the 


change is reversible. Tliat is, the gasification of a given 
quantity is accompanied by tlie same temperature-change as 
when it is condensed, except that the direction of the change* 
is reversed. Tn the first case the temperature would he? 


lowered (as it in the melting of ice*), in the* latter it is 
raised. The trutli of tliis is proved by many observations. 

As in the case of the li(|uefaction of ice, there are two 
operations together balancing a third. The? rise in tempera- 
ture of the known quantity of water co-exists with the con- 
densation of a known quantity of steam, together with the 
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fall in temperature of the water formed from the steam, which 
must change from lOO*’ to the final temperature of the mixture. 
Thence the numerical value of the temperature-change, corre- 
sponding with the condensation of a certain quantity of steam, 
is obtained by subtracting, from the total numerical value of the 
temperature-change in the water, the numerical value obtained 
from the condensed steam falling from 100° to the final tem- 
perature. The value for 1 gram is then calculated. 

The most accurate observations have shown the numerical 
value for 1 gram of water at 100° converted into steam at 
100° to be 536. This number 536 has, unfortunately, been 
called the latent heat of steam ; and the number 80, the latent 
heat of water. Corresponding changes occur when any liquid 
passes to the state of gas. 

InhJp shotciyuf the Niitnber of (tva/ns of Watev ichich u'ould he 
changpd from 1° to 0° C, hy the Fitsioyi of 1 f/ra)ii of the 
foUotciiiy SoNds : — 


I’fpswax 


Lead 

i/.i. 


(• . 

Siil|»hur . 

71>'25 

. ar) 


. 82-22 

Sihei 

. 21-07 

Tin . 

. 11-25 


. 28];i 


and by the ] oporisation of the fdlawiny Liquids: — 


liroininc . 

. 45 

Etliyl ulculiul . 

. 200 

Etliyl other 

. 01 

Mercury . 

02 

Sul])liur (li(iiiul) 

. :i(;2 

Turpt'ntine 

60 

Water 

536 


The above nvmhnrs arc nho called the ‘ latent heats ’ of 
fusion and vajyorisation. 
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TempmUures ai ufAicA some S&lub JfeU utukr Jformal 
Pressure of the AtmospAere, 


Alomininm 

. t>00° C. al>out 

Antimony 

. 440° C. 

Arsenic 

. 210° C. 

Brass 

. 1,016° C. about 

Copper 

. 1,060° C. about 

Gold 

. 1,260° C. nl>out 

Ice . 

0°C. 

Iron . 

. 1,600° C. alK)ut 

Lead 

. 336° C. 

Mercury 

. -39*6° C. 

Platinum . 

. 1,7CK)° C. about 

Silver 

. l,0(Kr(\ a))out 

Sodiuni 

C. about 

Sulphur 

. 114-6" C. 

Tin . 

. 235° 

Zinc . 

. 450 ° C. 


Temperatures at u'hich some Liqnifh lU*il under 
Normal Pressure, 


Amyl alcohol 

131 8 


Glycerinf* 


2iM) (* 

Ethyl alcohol 

7H 3° 

C. 

Hy<lro>jen 

acetate . 

120 ' C 

Benzene 

SO h" 

C. 

Ilydro^N'ii 

nitrate . 

80'’ (V 

Bromine 

(;3-t)° 

C 

llydn 

Milpliale 

32t;° ( ’ 

Carbon disulj>hi<lc 

48 0 

c. 

Mer<-ury 


350° V 

Ethyl ethei 

35 5 

c 

'I’urjMiitine 

1 5t;° ( ' 


Deuisity and Volume of Mercury at Various Teuqwrat ures. 


5’mp*rHtnn', t'. 

Ih n-Jr^ 

II^'IhUm Voliinu- 

0 

1 3 506 

liXHXHK) 

4 

13 586 

1-(KK>7J6 

5 

13 5SI 

1'()<H>H06 

i(t 

13 572 

l'(K)I702 

15 1 

13 650 

1-002601 

20 

13 547 

1-003690 

30 

13 523 

1 0053*03 

40 

13 409 

1-007201 , 

60 

13-474 

1-009013 

60 

13 450 

1-010831 

70 

13-426 

1-012665 

80 

13-401 

1-014182 

00 

13-377 

1-016315 

100 

13 353 

1-018153 
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Density and Volume of Water at Various Temperaiu/res, 


Tenjperature ® C. 1 

Density 

Belative Volume 


•999884 

1000129 


•999941 

1000072 

2 ! 

•999982 

1000031 

3 

1 000004 

1000009 

i : 

1-000013 

1000000 

5 i 

1-000003 

1*000010 


•999983 

1-000030 

7 1 

•999946 

1000067 

8 1 

•999899 

1-000114 

0 1 

•999837 

1-000176 

1" 1 

•999760 

1.000263 

11 1 

•99906S 

1*000345 

12 1 

•999562 

1000451 

13 

•999443 

000570 

M 

•999312 

•000701 

If) 

•999173 

•000841 

]<; 

•999015 

•000999 

17 

•99S854 

•001160 

IS 

•998667 

•001348 

11) 

•99S473 

•001542 

20 

•99S272 

•001744 

21 

•99S060 

•001957 


•997S39 

•O02J77 

2:; 

•99761 1 

•002405 

21 

•997380 


25 

•997 J 33 

I -002888 
1-0031 14 

I -003408 

2S 

•99634 4 

1-O03t;82 

21) 

•996061 

I •(K)3965 

30 

•995778 

1-004253 

40 

•99236 

1-00770 

50 

•98821 

1-01195 

(iO 

•98339 

1-01691 

70 

•97795 

1-02256 

80 

•97195 

1 02887 

DO 

•96557 

1 -03667 

UK) 

*95866 

1-04312 


Mean Jnrrrasr <f Unit Vohintt' for Jiittv of \° C. in Tempera- 
ture^ or Mean Coefficient of Cubical Expansion. 


Alcohol (ethyl) 
Brass 
Copper 
Glas^ 


•(X)108 

'000(a72 

•00005 

•000023 
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Gold 

•00004411 

Hydrogen sulphate . 

•000489 

Ice .... 

•0001685 

Iron . 

•0000365 

Lead 

*000084 

Platinum . 

•000026 

Mercurj' . 

•00018 

Silver 

•0000583 

Tin . 

•000069 

Zinc .... 

mi • . V* 1 • • 

•000089 

* I • 


The coefficient of linear (wpannon^ or the increase in unit 
lengthy is approximately one-third the cuhieal coefficient. 

Additional I'l.cercises and Qucfititais. 

1. Show that we innkt* use of the same reasons in <letermininj;; I hat 
two temperatures are alike as in determining that two quantities of 
matter are alike. Jlut show also that we cannot compare two tempera* 
turoH as wc compare two tpianlilies of matter. 

2. Comiwire th(‘ results given hy a tliermoineter with your own .sen- 
sations wlien various objects, metallic an<l otherwise, are touched. 
What exjilanatiou can l»e given <if the apparent «lis(Tej)an<'y / Ascer- 
Uiin the temperature of ytjur own body before olTering an explanation. 

3. Give the preci.se nn*aning to be attached to the terms ‘heat ’ anrl 
‘ temperature.’ In what way may * lieat ’ he lookerl ujion a.s a quantity / 

•1. Classify the chief change.s which may procet*d simultam'ously 
with changes of temperature in a body. 

5. Ob,ser\’e the effect of raising the temperature of a tightly stnttched 
wire. Suggest otlier raetho<ls of showing expansion and contraction 
with change of temperature. 

6. Find the length of a brass and of an iron rod, lirsl when they 
are placed in ice, and, secondly, after imiin-rsion in hot water of which 
the temperature is taken. Calculate from your observation.^ the frac- 
tion of tlie length at zero by which each has iiicrea.sed during the 
observed change of temperature, and also the average increase for a 
change of 1°. The decimal fraction obtaimsl from the latter calculation 
is called the coefficient of linear exf>ansion. Measure by an e^^epiece, 
connected with a vernier, travelling along a graduat(;d bar. 

7. Fit corks ciirrj’ing glass tubes into flasks of equal capacity filie^l 
with water, turpentine, and mercury, so that no air remains in the flask 
and the liquids rise within the tulK*s to a convenient level. IluJe lines 
at a distance of half a centimetre on strips of paper and gum them to 

£ 
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the tubes ; then place the flasks within a large vessel containing water, 
and observe the alterations of each level while the temperature of the 
water in the large vessel is being continuously raised by a flame. Keep 
a record of the heights at different temperatures, and trace curves 
which exhibit the relative changes of level. Observe also very carefully 
the changes of level taking place as the liquids are cooled by being 
surrounded by ice instead of water. 

8. Heat the end of a glass rod until it is soft, and then push into it 
a piece of platinum wire. (Lengths suitable for subsequent use in the 
chemical laboratory should be used.) Observe that the platinum is 
tightly fixed after cooling, and give; the rea.sun. 

0. Show from the relation exi.sting between the volume of a cube 
and its linear dimensions that the coeflicient of voliiminal expansion 
is slightly more than three times the linear coefficient, provided the 
expansion is e{iiial in all directions. 

10. Observe the different lengths of time occiij)iedin bringing about 
thermal ecjuilibriuni in the case of (lifferent kinds of matter. Coat rods 
of glass, iron, an<l coyqter with paraffin, ])ass them through a cork to 
tlie same distance, and lix the cork in a flask of boiling water. 

1 1 . Wliy is t bin gla.ss le.ss likely t ban t hick glass to crack from a rapid 
change of temperature ’ 

12. Knowing tliat. most gases increa.sc by about ’00366 of their 
volume for an increase of 1° C., what is the density of air at lo® C. if 
it i.s'(K)121»32 at 0° C. ? 

13. Observe the melting-point of jmraffln and beeswax by placing a 
small quantity of each in sopanite small tubes, fa.stening thorn to the 
bottom of a thermometer, and immersing them in a beaker of water 
which is gradually rai.sed in temperature by a small flame. Tlic water 
should be heated slowly and constantly stirred. 

14. {Suggest a method of showing change of temperature by the 
expansion of air. How would you compare the readings of your in- 
strument with those of an ordinary thermometer ? 

15. Temperature might he a^certained by means of a vessel con- 
structed so that a liquid inside it wouhl have to leave the vessel if it 
expanded. From the relation between the quantities remaining and 
the original (piantity the voluminal expansion maybe calculated, and 
hence the temjH’rat ure may be determined, if the rate of expansion for 
the liquid is known, and if the starting temj>erature is known. Describe 
an instrument of this kind and the u.se to which it can be put. 

16. Give descriptions of possible calorimeters, and mention the 
advantages and disatlvantngcs of each. 

17. The obser\’ed alteration of volume in a liquid contained in a 
vessel is not the real change, for the capacity of the vessel itself is 
simultaneously undergoing change. How may the absolute expansion 
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of a liquid be found if the coefficient of voluminal expansion for glaas is 
known ? 

18. Describe how the absolute expansion of a liquid may be found 
by weighing a piece of glass immersed in the liquid at different tempera- 
tures. What are the probable inaccuracies of the method ? 

19. Mention the advantages and disadvantages of Lavoisier’s calori- 
meter. Mention how some of the inaccuracies may be made relatively 
small. 

20. How could you demonstrate that changes of temperature arc 
changes which relate to quantity of matter and not to volume ? Wliut 
hypothesis can you suggest as to the real process wliich underlies what 
we call change of temperature ? 
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CHAPTER IV 

OBSERVATIONS OP CERTAIN MUTUAL CHANGES COMMON 
TO ALL KINDS OP MATTER 

36. Bodies displaced Equally from the Surface of the Earth 
reach it again Simultaneously if allowed to Fall. — A large 
electro-magnet may be used for suspending two bodies at the 
same height. When the current is disconnected the bodies fall 
at the same rate. One body may }>e of iron, the other of wood 
with a piece of iron fixed so that the magnet will Jiold it. A 
piece of paper between the ends of the electro- magnet and the 
bodies ensures their simultaneous detachment Variation, either 
in the quantity or kind of matter, does not cJ)ange the result. 
All bodies let fail at the same instant and from the same 
height reach the earth at the same time, except so far as the 
obstruction of the air may intervene. Bodies which vary 
in falling in the air are found to lx* alike when tried ifi 
vaevo. If the displacement is varied the statement will be 
found to hold good. 

In this obser\'ation we liave assumed the earth to remain 
at rest, while the two small bodies are said to be moving. By 
making this assumption, which our definition of movement 
justifies, we simplify all such investigations. The system under 
observation contains the earth and these two IxKlies. No 
change in the surroundings, however varied or repeated, has 
ever been found to annul either the power of return of any 
given body when removed from the earth, or the equal rate 
of return of two bodies equally removed. It is clear, then, 
that the earth and such bodies are alone concerned in this 
special change, and they constitute a material system in which 
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any vertical displacement is followed by a return to the 
original relative positions. 

37. The Manner in which a Displaced Body returns to 
the Earth. — The Time of Fall. — A body allowed to fall from a 
height of 16 feet reaches the ground in one second. 

A body allowed to fall from a height of 6-1 feet reaches the 
ground in two seconds. In the last second it must therefore 
fall through 48 feet, if it takes, as may be proved, the first 
second in falling through 16 feet.* 

The first fact may be demonstrated by suspending the l)ody 
by an electro-magnet. Then break the current, and thus 
remove the support, at one tick of the seconds-pendulum. The 
body will reach the ground at the next tick. 

The second fact is not always easy to demonstraU^ on 
account of the distfuice being inconveniently great, but it may 
be accepted as tlic result of many experiments. 

More accurate nieasur(*ments show that, if the resistance of 
the air be allowed for, the fall in a second is 490*5 centimetres, 
and in two seconds 1,962 centimetres. 

The result of all observations of the fall of bodies to tJie 
earth is to show that tlie rafe of fall gradually increases along 
the course, and that the longer the course — oi’, in other words, 
the greater the original di.sjdaceinent— the greatt^r the speed 
with which they reach tlie earth. 

38. When a Body is displaced from the Surface of the Earth 
and then set free, it returns with a Uniformly Accelerated 
Speed in a Straight Line.— That a body, disjdaced a short 
distance from the 8Ui*face of the earth and allowcjd to fall, 
returns in a straight line, is a mattxT of direct observation. 

That it returns with a uniforndy accelerated speed is in- 
convenient to prove directly, on account of the magnitude being 
too great to measure in a room. The law may, however, be 
proved by retarding the motion and then measuring. This is 
l>est arranged by using Atwood's machine in conjunction with 
a pendulum beating seconds, or a clock. 

* It would not necessarily follow that it look one second to fall 
through 16 feet at the greater distance from the earth, but experiment 
shows that this is true within a moderate range. 
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Two equal masses are connected by a silk thread which 
passes over a pulley turning on friction-wheels. A small 
additional mass is made to rest on the mass near the scale. 
This causes an acceleration to be given to the masses, the 
heavier descending. By trial, the space passed over in one 
second may be noted, and the moveable stage placed there. 
Then the commencement and end of the fall will agree with 
two consecutive ticks of the seconds-clock. The space passed 
over during two seconds will be found to be four times that 
passed over during one second, and during three seconds, nine 
times, and so on. In order to give a long drop the pulley 
should be fixed as high as possible. 

These observed phenomena, together with those of the last 
section, may be most simply explained on the supposition that 
the acceleration which a body acquires by its proximity to the 
earth is independent of any motion which it may already 
have. A body, displaced 16 feet from the earth and allowed 
to fall, has at the moment it is stopped, i,e, at the end of 
one second, a speed of 32 feet per second, but if it has had a 
displacement of 64 feet, it will take two seconds to return, and 
will, at the end of the first second, have a speed of 32 feet 
per second, with which it commences the last second. Conse- 
quently it has at the end of two seconds a speed of 32 plibs 
32, i.n. 64, and at the end of t seconds a velocity of 32 1, In 
using Atwood’s machine, the displacement of a body from the 
earth’s surface corresponds with the distance between the 
starting-point and the stage which checks the fall. 

We may hero state Newton’s First Law of Motion, which 
is bound up with tno above explanation : — ‘Every body 
j>erseveros in its state of rest or of moving uniformly in a 
straight line, except so far as it is made to change that state 
by external force.’ 

39. Meaning of the Term ‘ Force.’— When a body falls to 
the earth there is a change in the material system comprising 
the earth and that body. Each must be considered essential 
to the change — that is, it is a mutual change. 

The inevitableness of the return of a body to the earth 
gives rise to the statement that it is caused by the attraction 
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of the earth, or gravitation, but it is more exact to say that 
a mutual action, or a stress, exists between the two. The 
phrase aUraction of the earth fails to convey the mutual nature 
of the change. 

We have seen that displacement between two bodies can 
only be measured by considering one of them to be at rest. So 
also mutual action is generally measured by its effect on one 
body. 

We may say that the earth moves to the displaced body, 
and consider the displaced body to remain fixed after it is re- 
leased ; or we may consider the earth to be fixed, and the body 
to move. We have no reason, so far, for taking one aspect of 
the change in preference to the other. We shall learn later 
that, relatively to any body not taking part in the mutual 
change, the eartli must he considered to move, although to an 
infinitesimal degree, at the same time as the other body under- 
goes its much more apparent change. The displacements are, 
in fact, inversely proportional to the masses. 

Taking the customary and convenient conception of force, it 
may be defined as — whatever changes or tends to change the 
motion of a body by altering (‘ither its direction or its magnitude. 
But since observations sliow that cliangeof motion in one body 
is always accompanied by change? of motion, or change of 
some other kind, in another body, we must not forget that in 
using the term or idea, ‘ force,’ we confim? our attention to one 
side only of a two-sided event. This two-sided event is the 
mutual change? that always occurs wherever stress manifests 
itself. 

It is to l>e noted in the case of the mutual action here 
investigated that the motion takes place in the straight line 
joining the centres of the bodies — in other words, the body 
moves towards the centre of the earth. 

40. The Moveable Pulley. — A cord is fixed at one end, then 
passes over the moveable pulley a, and next over the fixed 
pulley B. The free end of the cord c and the pulley a are 
each furnished with a hook. If a known mass is attached to 
the free end of tlie cord it may be made to raise a mass 
nearly double its own in quantity. We must take into 
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account the mass of the pulley, which is raised together with 
the attached mass. 

The more completely friction is avoided, the more nearly 
will a given total mass at a be 
balanced by one-half its mass at 
c, and the smaller will be the 
excess over one-half which is 
needed to cause the fall of c and 
the rise of a. 

While there is no movement, 
we have a system in equilibrium ; 
the stress between the earth and 
c balances the stress between the 
earth and A by the aid of the cord. 
It is easy to see that in such 
an arraiigenient, wliere the three 
portions of the coi*d are all parallel, 
th(5 mass at c would descend through twice the distance 
nscaiideci by the mass at A. 

With a combination of pulleys, which consists of two 
blocks, (‘ach w’ith three pulleys, and a continuous cord passing 
over each pulley, it is easy to see that the ascending mass 
w^ould move through one-eiglith the distance of the descent 
made by the smaller mass ; and, if it were not for the effect 
of friction, which is much greater in such a system, a given 
mass would balance one eight times huger. 

These experiments illustrate the need of considering both 
mass and distance in all such mutual changes. 

41. The Lever. — The lever, like the pulley, show's that both 
mass HTid distance must be considered in all cases of mutual 
change. Its principle is illustrated by a rigid rod supported 
on an edge or small surface, called the fulcrum. If this rod 
is of constant section and homogeneous material it will be 
found to balance w’hen supported at the centre, the stress on 
the one side of the fulcrum being just equal to that on the 
other. In any displacement from the horizontal position each 
particle on one side of the fulcrum has a corresponding 
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particle on the other side, undergoing a displacement exactly 
equal, but opposite, to its own. 

If, however, the position of the fulcrum is altered, there is 
no longer equilibrium between the two opposing stresses, and 
the heavier side descends. This may be prevented by attach- 
ing a mass or restraint to the other side. Varying masses may 
be attached at varying distances and their effectiveness deter- 
mined. By using a spring balance or dynamometer at different 
positions the same results may be made apparent. 

If the mass of the rod be very small in comparison with the 
adjustable masses kept in equilibrium by its agency, we may 
pay attention to these masses alone. We shall then find that, 
in cases of equilibrium, the vertical distances through whicli 
each mass moves, if the rod is displaced, are inversely pro- 
portional to the masses themselves. This may be shown by 
fixing to each mass a pencil, so tliat their displacement may 
be marked on twn slieets of paper 2 )laced in position boJiind 
the lever. From these and similar observations it is known 
that tlie lever w ill be in e(|uilibrium if the sum of the products 
of the numerical values of the vertical displ/icfUiients and of 
the masses for all the particles of mat ter on the one side of t he 
fulcrum be e(iual to the sum (jf the same })ro(luetH for every 
particle on the other side the fulcrum. If any considerable 
displacement occurs some of the matter on one side may ch/ingit 
to the other side, and e<|uilibrium be destroyed. 


The beam of a 
the properties of 
a lever balanced 
at its centre on 
the smallest area 
which is practic- 
able. Hence if 
the pans and the 
masses in them 


Lj<X)d balam*e will Im* found to exhibit all 


A F 



Tin 1 *;. 


are together equal the lever is in equilibrium. 

It may be show'ii by geometry that the vertical displace- 
ment will always be proportional to the horizontal distance} 


from the fulcrum — that is, dp : fiE :: ni> : be. (See fig 1C.) 
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The practical requirements for observations with the lever 
are as follows: — A wooden rod about 4 square centimetres 
section and about l i metre long ; a wooden edge placed so as 
to act as fulcrum ; a pulley fixed so that the rod may be 
balanced if necessary by means of a cord passing over it. At 
the ends of the cord are fixed two hooks, one to receive the 
rod at its centre, and the other to hold a body just able to 
counterpoise the rod. In this way we get rid of the difficulty 
of calculating for the mass of the rod, and may pay attention 
solely to various masses which may be hung from the rod at 
various positions, while at the same time the position of the 
fulcrum may be altered. 

42. The Pressure of Liquids. — When a liquid is at rest its 
free surface is horizontal, except where it is in near contact 
with a solid ; and this is true however much the surface may 
be modified by the shape of the containing vessel. In other 
words, all portions of the free surface of any homogeneous 
liquid at rest are in the same horizontal plane. But when we 
speak of a free surface we mean that portion of tlie liquid 
which is in contact with the atmosphere. 

The first and second of the figures below show a liquid 
wdth two equal free surfaces (a and b), each in contact with the 
atmosphere, and in the same plane. The third shows that 
they are still in the same plane when they are unequal. In 
the fourth case, the closed space B c must contain air, or other 
gas, in the same condition as the air outside the tube, or, as we 
have seen, the two surfaces a and b would not l)e in the same 
plane. In the fifth case the air lias been driven out of the 
tul>e, while mercury has been poured in, and the space c D is 
a vacuum. We must conclude, in this case, that the column 
of mercury n c has the sjiine effect on the imaginary surface 
B as the atmosphere would have liad, if the surface had been 
exposed to it as in No. 1. In other words, the atmosphere at 
the surface a, and the column of mercury above B, are in 
equilibrium. 

Further investigation of these facts must be postponed 
until more is learnt of the structure of matter. We shall 
require help from the theory that matter is discontinuous 
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before we can gain clearer conceptions, either of the 
in which a gas can resist a liquid, as at am No. 6, or of 
nature of the equilibrium in such a case as No. 3. 




Fig. 17. 



43. The Equilibriom of Two Liquid ColanmB in Communi- 
cation. — When a liquid — water, for example - is at rest in a 
bent tube of even bore of the shape a (fig. IH), the two surfaces 
are at the same level, and we may consider any two portions 
of the vertical columns which are equal in vertical height, 
as a 6 and erf, to balance one another— that is, the stresses 
between these two equal quantities of matter and the earth 
are equal 

If, however, the tube is of the shape b (fig. 18), the sur- 
faces are similarly level, although equally long columns, ab 
and c rf, do not contain equal quantitio.s of matter. It is neces- 
sary to understand why two such colujuns are in equilibrium 
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We may be helped to do so by observing the result of adding 
to one of the columns a known quantity of water. 

Cork one of the branches tightly, and fill it with water by 
inverting the vessel. Add or remove water till the level 
stands a short way up the other branch. Then add successive 
equal quantities of water, say 5 c.c., from a burette, and mark 
each level upon a strip of paper gummed along the branch, or 
else mark the glass with a diamond. Calibrate the other 
branch similarly, starting, for convenience, at the same level. 
The distance between each mark in each branch may now be 
divided into five equal parts, and the columns will be calibrated 
in cubic centimetres with sufficient accuracy. 



Water is now added to this calibrated vessel, and the level 
in each limb noted. Five cubic centimetres of w^ater are now 
droppcul from the burette into the narrow branch, and the 
levels again noted. Had there l)een no movement of the liquid, 
t he addition of T) c.c. of water would have raised the level 
through a vertical distance which is easily measured from the 
graduated marks by a scale. J5ut this le\'el has now changed 
through a measurable distance and we may say that 5 c.c. of 
water have moved through this distance, while the change of 
level in the other limb enables us to calculate what quantity 
of watt'r has Wen simultaneously raised thiough a measurable 
distance. 

Jt sliould be found that the quantities of water are in- 
versely proportional to the distance through which they have 
been displaced, and have the same kind of change as 
in the lever, illustrated under somewhat analogous conditions. 
In this calculation we assume that there is no alteration of 



44. The Internal Stress of Liquids. — The preceding obser- 
vations having shown some conditions of equilibrium of liquids 
ati rest, the internal state of such liquids remains to be inves- 
tigated. 


It may be noticed, in the first place, that in a given 
column of liquid the pressure increases with the depth, just 
as in the case of a solid. 


The pressure at the 
bottom of the regular ^ 
liquid column a h (No. 

1, fig. 19) varies directly 
with the linear height 
A D, just as in tlie case B 
of a homogeneous solid 
of similar shape. The 
bottom of the vessel supi>orts the quantity 
of matter in the vessel Just as if it were 
a solid rod receiving no support from 
the sides. The stress between the inatt<?r 
and the earth is the same whether it is 
solid or liquid matter. With the arrange- 
ment here shown (No. 2, fig. 19) of a 
string passing over a pulley a and through 
a hole in the ground and grefvsed plate p, 
fitting against the ground edges of the 
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vessel V, the varying quantities of liquid added to v will be 


found to be balanced by proportional quantities of matter at 
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the other end (b) of the string. If the two portions of the 
string are vertical, or at the same angle with the vertical, equal 
quantities of matter at each end counterpoise — that is, the plate 
and the liquid will be equal to the quantity of matter at B. 
There is, therefore, no vertical support to the liquid from the 
sides of the vessel. 

If we now immerse a thin plate in a liquid, and weigh it 
while immersed, as if its density were being ascertained, it will 
be found that it is counterpoised by the same quantity of 
matter at all depths. 

The next observation is that the pressure at the bottom of 
a vessel depends in no way upon the shape of the vessel, or the 



quantity of licpiid contained in it, but merely upon the linear 
vertical distance In^tweeu the lower and upper surfaces of the 
liquid, and also, as we should expect, upon the area of the 
lower surface. Ye.ssels of the shapes shown above (Nos. 3 and 4, 
lig. 19), together with the pulley and ground-glass plate, are 
suthcient to demonstrate this. 

The following facts are therefore clear : — 

1. Tliat the vertical sides of the vessel (No. 1) do not sup- 
port the licjuid in the meaning of reducing the stress l)etween 
the earth and the liquid. 

2. That the sides of tlie vessel (No. 3) do reduce the stress 
to the extent that the bottom of the vessel only requires 
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to resist the stress between the earth and the imaginary 
column X y. 

3. That the pressure in a vessel of the shape shown in 
No. 4 is found to be the siime as it would be if the sides were 
perpendicular, as c e, d p. 

The pressure in tlie part a k l n (No. 1) is evidently due to 
the stress between the liquid and the earth, and no difficulty 
arises in this case. But we need now to explain why tlie 
pressure on the area.s r k and l d i.s the same as if the sides c a 
and D n were vertical as c E and i> f. I ii ord(‘r to do tliis we 
must make the following assunqdion : ‘ that the stresses be- 
tween the parts of a licjuid at rest are always perpendicular to 
the surfaces of separation between thos(‘ parts.’ From this 
assumption wc can deduce tin* following faet.s ; - In th(‘ portion 
ACK are pressure's p(‘rj)endicular to a c and a k from the side 
AC and the column of liquid ark L respectiv(*ly, which i>ro- 
duce a resultant pressure downwards, as sliown in the figure. 
The pressure from a c, due U) the narrowing of the vc'ssel at 
the top, is found from the observation to be (*xactly e(jual to tin* 
pressure which the .side a would iM'ar from the presence of 
the same liquid in a vessel of the shape and dimensions ac e. 

From this it i.s evident that the whole pre.ssure from tlie 
part ACK is due to two causes; the first is the prc'ssure 
due to gravity, and tlie second is the resultant of the per- 
pendicular pn*s8ures fi ^im a c and a K. These two pressures 
are together eijual to the pressure which a column of li(juid 
represented l»y K K would exert on the bottom of the ves.sel in 
virtue of the stress existing betweem it and the earth. 

The fact that the pressun* on the sides of a vessel varies 
with the depth also requires to la* ob.servf*d and explained. 
If we consider the liquid to be marie of very small particles, it 
is evident the top particles pres.s on thr* next, and so on until 
the pressure on the lowest particles is dur* to the sum of the 
pressures of all the particles above it. This pressure cause's 
the particles to slip away at right angles towards the sides, 
thereby producing a pressure on the sides which increases with 
the depth. 
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45. The Eelation between Mutual Displacements. — We 

have ol)served that a small quantity of matter undergoing a 
large displacement may be the means of displacing a large 
quantity of mattei-. That is, mutual changes occur in which 
unecjual masses are equivalent in virtue of unequal displace- 
ments. The oxamp](*s investigated have l>een the pulley, lever, 
and the displacement of a large quantity of liquid by a smaller. 
Tlie conditions necessary in these and all other examples of 
the same kind of mutual change are that tlie numerical value 
of tlie mass multiplied by tin* numerical value of the displace- 
ment shall give equal pro<lucts for ea('h of the moving masses, 
that is, mL = M/. 

This principle may he extended to phenomena which are 
not connected by material bodu‘.^. In the previous observa- 
tions we have bars, cords, tVc., connecting the mutually chang- 
ing bodies. In thes<* (Vises it follows of m^cessity that both 
changes must Lik(* phuv* in the .same time. The simultaneous- 
ness of the changes is a conse<juence of their mutual nature. 
We may, tli<‘retore, sub.stitute .speed for disphuaunent in our 
conception of the phenomena, for the numerical value of dis- 
placement divide(l by tlH‘ numerical value of time expresses 
tin* magnitude* of sj>eed. iiut it is important to note that 
tin* direction in which the bodies mov<* is not the same — 
that is, this eomph'X (pniniity (mass x spetvl), which is called 
tnoincutum, IS positi\e lit the one case and negative in the 
other. 

This principle obtains in <*v(*ry case of mutual change, 
wliether tin* bodies concerned an* connected in any way or 
not. Tin* displacements are in opposite directions ; they 
are e(|ual if the mas.s(‘s an* ('(|ual, but if the ma.sses are 
unequal the displaceim'iits are inversely projiortional to them. 
This is the principle contained in Newton’s Third Law 
of Motion, according to which rt^action is always equal and 
opposite to —that i.s, the actions of two bo<lies upon 

each other are always equal and in opposite directions. 

In order to demonstrate this principle completely, it would 
Ih» necessary to tint! a system which is under the influence of 
its own mutual action alone. On the sui*face of the earth we 
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are limited in this and many other similar investigations tiy tlie 
enormous stress which exists between the earth and all lx>dit\s 
near it. Wo cannot, tlierefore, ^ ^ 

easily prove the equi^aleno<» of s TT” ^ 

mutual changes. In all the pre- I 

vious experiments the displacement I 

which has Ikh'II ineasiinHl has been ^ 

a displacement in the tlirection in 

which this stress acts, i.#*. in a vt*r ^ 

tical direction. In the ca.se of 

l)odie8 rnosing without friction o\ » i L 

a smooth horizontal surface, there 

is no displacement possible from the 

stress between them and the earth. 

and the displaeeinents due to mutual 

changes will mit he interfered witii. 

Glass hall.’> of diffenuit sizes rolling 
over a horizontal glass plate would 
approximate to these coiulitions, 
and with them we can prove roughly 
that a small fast -moving IkmI v van 
produce the same eireet as a large 
slow-moving Ixrdy. l»y eausing 
Imlls of various sizes to str ike other s 
at different rates this may he shown 
in a rough manner. 

We may obtain similar results 
by fa.stening two uiie(jual mas>e-n J 

to a long cord passing over a jmlley. iffif '' ' 

If the heavier mass is support<*<l, 

and the smaller mass allowed to fall 

for some time, and so acquire a ^ * 

speed Ijeforc it begins to tighten the cord, it will f>e found 

that a rapidly-moving small mass is ahh* to raise a much 

larger mass. The arrangement shown in fig. 20 will suttiw for 

a number of olrservations. Similar results are. observable in 

the use of a hammer or a pile-driver. 
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46. New Test for Equal duantities of Matter.— Atwood’s 
Machine. — By experiment with Atwood’s machine it will be 
found that an additional mass, placed on one of the equal 
mjisses wliich are connected by the silk thread passing over the 
pulley, and allowed to fall for a measured time, will have 
acquired at the end of that time, together with these equal 
masses, a certain speed. This speed may be measured easily, 
for, if the additional mass be removed by a ring, the two equal 
masses continue to move uniformly witli the identical speed 
which the system possessed at the moment of this removal. 
Tlie uniform motion of the two e<|ual masses after removal 
of the small mass which produced the acceleration, is a matter 
of direct observation which is in accordance with prt^vious 
observations. 

Those* masses which, under the same conditions, acquire 
e(|ual sj)ee(ls are (vjual masses. Those masses are equal 
which, when added for an equal time to this system containing 
two e<^ual masses connected by a string, j)roduce in it equal 
speeds. 

By the use of two similar pulleys, each with the same 
masses connected by a thread, a comparison of the speeds 
acquired may bt* made indejamdently of the time taken. Direct 
ob.servation of coinci(U‘ncc by siglit and hearing will decide 
whether the sj)eeds, and henct* the masses, are equal. In 
this comparative method nnc are less dependent for accuracy 
on the smooth running of tlie pulleys. Provided they run alike, 
the conditions are the same for each change occurring. 

^^ e shall find later that other stresses, besides that exist- 
ing between the eaHh and iili In^dies removed from its surface, 
may In? utilised for measuring quantity of matter. 

We must not forget that thi.N instrument enables us to 
surmise the manner in which a body falls to the earth by 
causing it to fall slowly. This retardation is produced by 
causing the body to fonii jwirt of a system of three bodies, 
two of which are e(|ual in mass and connected by a string 
so ns to l>e in equilibrium. The speed which this body ac- 
quin*s under various conditions is not directly measured, but 
is taken from the unifoj-m sj>eed with which the system moves 
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according to Newton s First Law of Motion, after the disturb- 
ing body is removed. 

It is importiuit to understand correctly the manner and 
degree in which tliis reOinhition is brouglit about. First of 
all, we learn from direct observation tiuit the retardation is 
greater in pix)portiou as the mass of the whole system is 
greater than that of the body under observation. That is, if 
the mass of the three bodies together is four times greatt^r 
than the mass of the added lasly, then the speed majuireti 
by this body in falling for one second will be S feet per second, 
instead of the .‘12 feet j>er second which it would gain in falling 
by itself for the same time. In order to have a clear concep- 
tion of the cause of this change of speed, it is advisable to 
reganl the arningement of two perfectly equal mas.s(*s, con* 
nected by a non-(‘\tensible string which j)asses ovtu* Ji j)ulley, 
as a system in e<|uilil»rium and ready to move in /i vertical 
direction, just as if it were* released eiitinOy from the stres.s 
which exists IwtwetMj the earth and all bo«lii‘s near it. As 
a matter of fa<‘t, the stre.ss cannot be annihilatt'd, and we have* 
liere two such stre.sses, ex.ictly equal, hut much* by thi‘ string, 
which is said to be in a state of ‘ tension,’ to eounteract each 
other. (We have a similar eounteraetion of two .stresses when 
e({ua1 masses an* plaeed in the pans of a li;ilance.) Umhu* 
these circumstiinces w<* may n*gard the sysUun, as it now is, 
to bf» just tlie same as any iMidy placed in such a position in 
space that it is free from all stresses and, indeed, from all 
liabilities. This, however, is only trin* for any disturbance in 
a vertical direction, but it is only for observing such disturb- 
ances that it i.s usefl. When we come to place the additional 
mass on one of these? ef|ual imisse.s, we make tlie whole system, 
i,e. the tlm*e liodies, participate in theedlectof the stress exist- 
ing between that additional mass and the earth. In other 
words, the change is sjiread out over three bodies, and tlie 
actual rate of motion is diminished in exact jiroportion tf> the 
relative increase in the quantity of matter taking part in 
the given change. 

By these and similar observations we are led to the general- 
isation that, in any consideration of the effects of a given 
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stress (or force), we must pay regard both to the rate of change 
of speed and also to tlie quantity of matter in which it is 
produced. 


Additional Exercises and Questions. 

1 . Why does water remain in a pipette when the upper end is closed ? 

2. Draw a ditigram to explain how the reading of a barometer will 
be affected by a divergence of the instrument from the perpendicular. 

3. Observe the level of the liquid in the various 
branches of the vessel shown in fig. 21. How do your 
observations explain the relation of pressure to dis- 
tance* from surface? 

4. What would be the pressure on — that is, what 
would be the quantity of matter support e<l by— a sheet 
of 1 square centimetre area placed at a depth of 1 
metre in water? What is the pressure wlten it is 
placed in mercuiy ] Why does the sheet not move 

downwards utulcr this jiressure, an<l how is that (quantity of matter 
8Up)»orted ? It is assumed that the liquid is ov r 1 metre in depth. 

5. Explain why a IkkIv immersed in a liquid is pjirtially or com- 
pletely supported by the li(piid. To what extent is the body supported, 
and why does it de]>i*nd on the volume ? 

C. When a solid floats on a liciuid, what will determine how much is 
submerged below the surftice of the liquid I 

7. Observe and explain what takes place when a liquid (water, for 
example) in a beaker, and a solid with a piece of silk attached, are 
weighed when lying side by side in the pan of alxilance ; and also when 
tlie solid is suspended by the silk from the liook at the end of the beam 
and immersed in tin* water. Al*iu obst iwe and explain what takes pUice 
when a beaker of water is weigh* d, and then a s ilid hanging from an 
imlependeiit siq'port is placed in the litpiid. Prove that what the water 
appears to g:du in this ca*'e is exactly the ."ame as the tihject ai>pear3 to 
lose if it is made to hang from the beam, while the water is supjrorted 
indejierulently, ns in deterinmin.: density 

8. Fill with wati'r a tube whicli has been clnsed at one end, and is 
about ahnelre long, place the thumb over the end, and remove the thumb 
when the open end is underneath the surfaee of water inanutlicr vessel. 
Observe that the water remain', in the tube when it is phiced upright. 
Fill a similar tube with mercury and invert it over mercury, and observe 
that the whole column of mercury in the tube is not supported bat 
sinks to a certain level. Observe also what occurs when the tube is not 
completely fille<l with the water or mercury, and likewise the alteration 


a 


Fltf. 21. 
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of level produced by lowering or raising the tube. Write out an ocplaua- 
tion of your obser%Titions. 

9. Ascertain that a vessel may be emptied of a liquid by means of a 
bent tube, one end of which is at the bottom of the vessel and tlic other 
at a lower level outside the vessel. The air re(jiure.*» to be reniu\ed from 
the tube. Obsene the conditions necessiiry for the commencement of 
the operation, and explain b}* the use of diagrams the cause of the 
change which goes on. 

10. Demonstrate by the use of bent tubes of the .shape shown 
in fig. 22, and cx)ntaining mercury, (1) That the pressure of a liquid 
varies as the depth ; (2) that the pressure is the .same in all directions. 

11. Comi)are the proas u re of the coal-gas in the 
supply pipes with that of the atmosphere by noting 
the level of liquid (water or mercury) in (lach branch 
of a bent tube, one of wliit-h is exposed to the atmo- 
sphere, the other to the coal-gas. How will the re- 
sult be affected by a difference in the .section of the 
two branches ? 

12 Insert two tuiK‘.s in two vessehs containing dif- 
ferent liquids, connect them at the top by a ’J‘-sha|s;d 
tube, and partially exhaust the air. Measure the length of each column, 
and calculate the relative densities of the liquids. 

13. Dcscril)e from youi own obsrrvation.s liow air enters the lungs at 
an inspiration. 

14. Explain clearly wliy a body immer.sed in a li^piid hasacting upon 
it in an upward direction a pressure, \vhi<*h would balances the downward 
pressure of a volume of the liquid equal to that of the bialy iinmersed. 
Make observations to demonstrate this .statement. 

15. Observe an<l explain what take.s place when a tube clDsed al one 
end, and about 1 metre long, is completely filletl with mercury an<l in- 
verted over a ves.,el of w’ater. Proceed l autiously at first, only partially 
removing the thumh. 
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CHAPTER V 

OBSERVATIONS OF CERTAIN MUTUAL CHANCES EXHIBITED 
BY CERTAIN KINDS OF MATTER 

47. When Certain Bodies are rubbed together and sepa- 
rated the Space near them exhibits Certain Properties. — The 

most distinctive feature, and the one most easily exhibited, of 
a so-called electrified body is that small portions of certain 
kinds of matter in its neighbourhood are set in motion. 

This property may be shown by bringing a piece of sealing- 
wax, which has been ruVibed on flannel or cloth, near to a 
piece of pith suspended by a silk fibre, or dry lath balanced on 
a blunt point. Rapid movement towards the sealing-wax or 
electrified body is .seen, and sometimes the body after contact 
moves away, and sometimes there is a repeated to-and-fro 
movement. The region in which such displacements take place 
is called th(‘ electric fivld. 

Amber, ebonite, glass, resin, gutta-percha, etc., rubbed 
with flannel, silk, fur, etc., exhibit the same properties as 
sealing-wax. These changes, however, do not take place until 
the object rubbed and the rublx'r are separated. Wlien they 
are together brought near a light body no movement is 
noticed, although each apart may cause considerable move- 
ment. The act of separation is therefore essential. 

When a metixl is rubbed by a piece of silk and tested like 
the sealing-wax, no cliange is perceptible, but if the metal, 
conveniently in the form of a rod, is firmly fixed to a glass rod, 
which is held in the hand while the metal is rubbed, a move- 
ment of a light body may l>e obtained. When this class of 
bodies is touched by the hand, it suddenly loses this property. 
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This explains why it does not gain the property when held in 
the hand while being ruhl)ed. 

48. Communication of the Property to Other Bodies.— 

When an electrified body is brought near to, or in contact 
with, certain bodies, they may 1 h^ shown to exhibit properties 
similar to the electritied body itself. It is only those bodies, 
however, which cannot be electritied unless held by a handle 
of glass, ebonite, etc., which can havt* tins property commu- 
nicated. 

That kind of matG*r which suddenly lost*s when touch(*d 
by the hand, or, if held by the hand, cannot acquire, this 
property, which maybe ttu'ined ‘ electrification,’ is called ‘elec- 
trically conducting mattcu-,* or a ‘conductor of (‘lectrilication.’ 


Good Conduct on. 

Metals. 

Carbon. 

Water containing salth in 
solution. 


Had Conductors^ or Insulators. 
GascH. 

Oils, 

Ebonite 
Pa ratlin 
Krsin. 

(iutta-pereba 

Caouteboijc. 

P«>rcelain. 

(ilasv. 

Sraliii^''-\vax. 

Silk. 

Suipbiii 

VV(»ol 

Slirllar. 


49. Investigation of the Electric Field by a Small Elon 
gated Body, and also by Two Small Bodies.~lf a light elf)n 
gated body — for example, a piece of pith suspended by /i silk 
thread at the end of a stick — is brought into the spaec lK*tweeii 
two bodies which have Vx*en rubbed and separated, it is always 
caused to set itself lengthways between them. If displacfnl, 
it returns to this position, sometimes with the f;nds n*ver.Hed. 

If, however, in.stead of one elongate^! )>ody, two small 
iKxlies, such as two pith balls suspendctl side by side, are 
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brought into the electric held, they will be found to diverge so 
that each approaches as nearly as possible to either of the two 
electrified l>odies. Instead of two pith balls, two strips of gold 
leaf, lianging side by side, will be found to diverge very readily 
when placed in the electric field. The gold leaves belonging 
to the electroscope may be used. 

Each of these experiments is now tried with either of the 
two bodies separated considerably from the other. Bring an 
<dectrified body, either the object rubbed or the rubber, near 
to an elongated body or two small bodies delicately suspended. 

If a single small body is brought near to an electrified body 


! 

i 



2 . 1 . 


it moves, towards it, provided the streS" between that small 
body and the earth is not greater than the electrical stress. Tt 
either remains in contact with the electrified body, or, after 
contact, is repelled. If placed between two bodies that have 
been rubbed and separated, it will move quickly to and fro 
between them, if the distance is not too great. It must be 
notod, however, that it first moves towards that body which is 
nearest. 

If the small body is itself in this electrified condition it 
will be either attracted or repelled by the larger electrified 
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body. The smaller body may be brought to this condition 
either by friction or by being placed in contact with an elec 
trified body. Tlie same effect will be produced in (‘acb case. 
That is, it is now in a condition such that it may la* eitlu'r 
attracted or repelh»d, according to circumstances, whereas a 
body which is not electritied is never rt'pelled by an eh'ctrical 
body. 

It will be seen that the behaviour Just descrilx'd e.vplains 
wdiy a body, which is not electrified, may be first attractcal and 
then repelled by an electrified body. 

A and B in (*ach of the abo\e diagrams are mutually 
electrified bodies, and tin* condition of th(‘ electric field is in 
dicated by the behaviour of tin* bodies placed in it. 


Additional KxtOYist s (tad (^h(f sfians. 

1. IVi form experiment." \\ it ii the \ icw of lindin^^ out wlielhei elec* 
trification is n property of matter or of space. Sliowjnr t'.xamplc, that 
the space near an electrifie<l ixMly (li(T<*r." from other space. 

2. Instead of .saying that the (X)ndilion of .s])ace i" nlleied, \\(‘ miglil 
say that an electritied bud\ acts at a distance Di.seuS" this tlioory. 

3. How would you investigate experimentally whethei l\v<» hodic." 
are in the same electric condition, uial liow wo»ild um ascfutain if they 
are in equal electric conditions tluit i", it tlicy aie cfiuivulent in (!:nising 
tliose changes wliich are elunacteri.stic <*r rlecl rifled IxKlies / IIc»\v would 
3'our results be explained if you attribute the ebanges in (piestion to 
a condition (tf "pace ralJier than to th<- eoialition (d llic mateiial bodi**" 
engaged ? 

4. Do you consifler tbe term" ‘ f»o.siii\e ' ami ‘ iiegati\e,’a." aj>plied to 
electrification, .suitable ? 

5. Perform several ex])erim(fnts wliidi show that ohjcliificalion i" a 
two-sided phenomenon. 

6. Explain what is meant when it i." stated tlial there are ‘two 
kinds of electricity.* 

50. The Existence of Electric Stress indicated by the Elec 

troscope — Two light bodie.s, for convenience, strips of gold 
leaf, are suspended side hy side from a inetal rod, and enclosetJ 
within a glass vessel for protection from currents of air. The 
metal rod may tenninate cither in a disc or a sphere. When 
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an electrified body, e„g. a piece of ebonite or sealing-wax which 
has been rubbed with flannel, is brought near the top of this 
instrument, the gold leaves move simultaneously. If the disc 
is now touched witli the hand, the leaves return to their 
original position ; but if the hand first, and then the electri- 
fied body, be removed, the leaves again simultaneously diverge 
during the removal of the electrified l3ody, and remain apart for 
some time. 

It may be noted in the first observation, that tlie nearer 
the electrified body approaches the instrument the more the 
leaves diverge ; and in thc‘ second observation, that the leaves 
diverge the more widely the further aw'ay the electrified body 
is removed, after the disc has been touched by the hand. 

This instrument, which exhibits \ery conveniently the con- 
dition of the (‘lectric field, and may be used for purposes of 
comparison, is call(*d an electroscope. It is essential that the 
metal rod and leaves he w<*ll insulated. 

We liave observed from previous experiments that the 
effects produc(»d by an electrified body depend upon the rela- 
tive position, nature, and (|uantity of tnatter acted up>on. The 
use of the (dectroscoj)e, howev<M’, discovers anotlnu' very impor- 
tant condition essential to the nuinifestation of (dectric strc‘ss, 
and tliis is /i cliuiige in the configuration of the system coii- 
c(‘rned. Howev er gi'(*at the .stre.ss may b(‘, it would be unob- 
served so long as the .system is unaltered in configuration, ft 
is not manifested except by certain movmnents taking place 
in a neighbouring body, or bodies, concurrently with a dis- 
placeimmt in the* relative po.sition of the (*lect rifled body. 

We have so far made use* of the te‘rm, ‘ electrified body, 'but 
it is now clear that it wemld be more correct to include in our 
obs<*rv ations all the IxKlies concerned in the mutual changes 
which are said to be due to electricity, and speak of them as 
‘the electrified system.’ There is no indication of such a thing 
as an electrified body existing entirely by itself, or of electric 
changes in which only one body is concc*rned. 

51. The Quadrant Electrometer. The electric stress which 
has been produced by friction, or any other cause, may l>e 
furth(*r inv <*stigjited by the use of an electrometer. Tlie thin 
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gold leaves are replaced by a thin flat strip of aluiiiiniuiu, 
which is suspended by two silk fibres so as to hang hori- 
zontally within four hollow horizontal inetnl quadmiits. The 
opposite pairs of quadrants are united by a wire, but they are 
otherwise quite separate from one anotlier, and supported on 
glass pillars. The whole is covered by a glass case, and also 
by a metal framework which places the whole of the space 
around the electrometer in more perfect connection with tho 
earth. Two pairs of quadrants may, by means of connecting 
metal rods, be placed in electric communication with two 
bodies which have been electrified. These pairs of quadrants 
now electrically represent, in a more iiivestigable form, the 
l)odies with which they have been placed in contact. Or 
rather, we add to our system another symmetrical syst(*m, 
which partakes of its electrical condition and exhibits it in a 
convenient manner. The aluminium vaiu* may, if mressary, 
be electrified by communication with an external body, 
through the medium of hydrogen sulpluite (contained in a 
vessel underneath) and platinum wires. These together ton* 
nect the moveable* vane 
with a metal rod, whicli 
le^dsout wards and tu rns 
on a pivot. The vane is 
made? to liang so that it 
is midway between the 
two pairs of quadrants 
when they are not elec- 
trifieel. It moves to the 
one .side t)r the other 
under different electric 
stres.ses ; and the deflec- 
tions are marked by the 
movement on a scale of 
a spot of light, which 
comes from a lamp, and is reflected from a small mirror 
attached to the plate. Tlie essential structure of this instru- 
ment is here show in diagram (fig. 24). 

By the use of the quadrant electromeb*r we may perceive 
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>vheii there is an electric stress between tw'o bodies ; for then 
the vane or indicator moves, together with the spot of light on 
the scale. But we may also determine by its use a much more 
important matter, viz. which of two electric stresses is the 
greater. If one j)air of quadrants is introduced into an electric 
system, the indicator will move towards or away from that 
pair, according to circumstances. If the other pair of quadrants 
is introduced into another electric system, so as to occupy a 
corresponding position in it, tliere will be a stress between 
this pair and the indicator which will oppose the first stress. 
The dtdlection of the indicator will sho\v the relation l>etween 
these stresses. 

In the attracted -disc electrometer, the electric stress is 
com[>ared with that of gravity — a stress which may l)e easily 
definc'd and measured, since* it varies directly with the quantity 
of matter used. Tlie electric stress between tw’o opposed 
discs is accuratel}’ balanced, by a lever arrangement, with the 
stress due to a certain quantity of matter and the earth. 

The stress existing l^etween parts of a system similarly 
oIcctrifi(^d may also be exhibited by the instrument showii 
in the diagi*am. A thick copj)er or 
brass wire circle or ellipse has two 
plates, A and n, attached in such a 
position that similar plates, (' and i>, 
at the (‘iitl of a thin ])ointer may 
face them. This pointer is carefully 
balanced on the steel point K, and the 
w'hole is now' supported on an elx)nite 
pillar F. We obtain a system in com- 
plete electric connection, and able to 
exhibit stress l>etw’een its parts with- 
out losing that connection. It should 
l>e covered just as the gold-leaf elec- 
troscope by a glass coated inside with 
strips of tinfoil. A plate g is at- 
tached so that the system may be electrified with convenience, 
whereupon, the pointer is repelled to a distance varying with 
the magnitude of the electric stress. Observations made with 
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this instniment should be compared with tliose made witli the 
gold-leaf electroscope. It will be found much less sensitive', on 
account of the greater quantity of matter displaced under the 
action of the stress. 

62. Exploration of the Electric Field by Two Discs. — Tin* 
neighbourhood of an electrified body is in such a condition 
that not only do conductors, whether elecrtriHed or not. tend 
to move, but also an electric change is induced in tluMu, 
whether previously electrified or not. 

Two similar metal discs with non-conducting handles are 
brought, with their faces in contact, into tin* electric field. If 
they are now sejuinited in such a maniu'r that they are }>laced 
at different linear di.stances from the eh'i irified body, and then 
removed from the field, they will be found to poss(*ss the sann* 
properties as tNV(» iKslies which have bt'cn together electrihed 
by friction. This is proved by tlie behaviour of a small 
electrified body (a gilt pith ball), or by us(‘ of the el(‘ctro.scop<* 
or quadrant electrometer. If not se[)anife(l before rt'iiioval, 
no change takes place ; or if brought tog^'ther after separation 
and removal from th(* field, no electritieation can be furtln*)* 
obtained. 

The saiiK' conditionof the field may lx* shown by (electrically 
connecting a conductor on a non-conducting support to a dis 
tant electroscopi^ oi’ eh'ctroiiieter hy means of a wire. On 
bringing the electrified body near the conductor, the leaves 
of the electroscope, or vane of the eh;ctromef(‘.r, will move and 
take uj) a fresh jiosition .so long as the (*lectriti(Ml }»ody is near. 

If the conductor, wliih* in the field, be touched by the hand 
and then removed, it may be .shown, by applying any of tie* 
previous tests, to be electrifi«*d. 

All the actions ob.served above will 1 m* found ((► diminish 
very rapidly as the distance from the electrified body incroast^.s, 
i.e. the nearer the body originating the change's, the grt;af(*r 
will these chang(*s be. 

We may have a series of these phenomena caused by tin? 
same l>ody, either simultaneously, in case then; an; several 
suitable laxlies near, or successively, in ca.se the Ixxly induced 
is removed from the system and then treated a.s the originating 
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body in a new system. In other words, this inductive action 
may affect a large number of bodies placed at increasing 
distances from the inducing body, the action diminishing with 
the distance. It may also be noted that the action depends 
solely on tlie linear distance, and not at all on the direction, 
provided that other lx>dies l>e not introduced into the held. 


Additional Exercises ami Questions. 

1. show that t wo mutually electrified bodies behave, when separated, 
as if they were joined by some extensible but elastic material. 

2. Under what conditions may the edectrilication of a given body be 
communicated to a non-conducting body ? 

II. In the electroscope and electrometer, the bodies between which 
mutual changes are taking place are shielded or screened either by wire- 
work or tinfoil. (Jive reason^ f(»r this in each case, and point out any 
difference in their application to the two kinds of instruments, 

4. Make experiments with a view to discovering the amount of 
elec.tric chang<i which can be produced within a hollow metallic body 
by means of an electrified IhkI^ held outside. F«)r thU juirpose intro- 
duce any instrument or .system, which is scn>itive to electric changes, 
wuthin a wire cage or any hollow metallic vess(*l. Compare results both 
with and w'ithout contact between the body inside and the cage, and 
also when the hollow vessel is in itself strongly electrified. 

5. Place a sensitive electroscope in metallic cauitact with a hollow 
vc.ssel, and ob.serve the effect of placing within the vessel a ‘ chargetl 
body,’ and also of juittiTig it in contact uiih the vessel from the 
inside. 

(). From your obstTvationsof elect rifieati(»n what suggestion can you 
make as to their origin ! 

7 What ex]u‘riments demonstrate that the origin of electric changes 
lies in the condi'ion of the sjwee around those bcnlies which manife.st 
the changes, that this condition will vary with the nature of the sub- 
stances also occupying the s|xice in question, but that space which is 
tilled by conducting matter cannot exhibit the properties of w’hich it is 
otherwise capable I 

8. Show that conducting matter may become electritie<i by friction 
if it is insulated Place a metallic plate upon a sheet of ebonite or 
paraffin; connect the plate w'ith an electroscope at a convenient dis- 
tance, and rub it with n piece of fur. The electrophorus may be 
utilised for the purpose, but take care that the cake of ebonite itself 
is not elect rifitHi. Passing through a flame will discharge it. 
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9. Demonstrate that drj" glass is an insulator, while moist or strongly 
heated glass is a conductor. In order to do so, arrange a piece of glass 
so that it forms part of the matter connecting an electritied body with 
an electroscope. 

10. Two plates are ciirefully insulate<l and 8upix>rted on a wooden 
base. Connect one with an electrosco|x? and then * lectrify it. Observ’e 
the effects produced in the electroscope when the other plate is brought 
nearer to, and taken further away from, the i)late ('onnected with the 
electroscope. Frame some hypothesis in explanation of the changes 
observed. 


53. Electric Phenomena Produced by another Method. — 

If two long strips of zinc and copper be jdaced, without toucli- 
ing one another, in diluU* hydrogtni sulphat(‘, and tlnui eon 
nectecl with the quadrant electroinet(‘r, a movement of th(‘ 
vane will be seen, just as with bodies tdeetrilied by frietion. 

If the two free ends of the .strips are conmvted with two 
large plates placed face to face, a light suspended body may 
be caused to move, wlnui j)laced Ixdween tluMii, just as if these 
plates had been electrified by friction or induction. In tin* 
same way, too, tlie jdate.s, if removed from tin* system by 
non-conducting supports, remain in tin* same* condition for 
some time, but lo.se their prop(*rty eonipletely when made to 
touch. The space hetw'een tin* two strips or plates outside 
the liquid is an electric field of tin* .same nature as tin* last 
investigated. 

Any arrangement of material hy means of which thes(* 
results may be obtained, is called an electric; cell, and there is 
great v^ariety in the .systems capable of being used. Several 
cells may be combiin‘d intej a batt«*ry, so as to give* greater 
results. 

The Danitdl cell coirsists of a co}q>er j>lat<*, plac-cjcl in a 
solution of copper sulphate, and a i)orous ve.s.sel eontuining 
zinc sul]»hate and a zinc rod or plate. All these are j>iue<;d 
in an outer vessel, and connections are made from tlni coppcjr 
and zinc. It will la* found that tlie results, described above 
as obtainable from a cell, are indofiendent of the size of any 
portion of the cell, and depend .solely on the nature of the 
materials used. 
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In the Grove cell we have the zinc plate immersed in 
dilute hydrogen sulphcate, in which is also placed a porous 
vessel containing strong hydrogen nitrate, and a sheet of 
platinum. 

The Bunsen coll resembles the Grove, except that the sheet 
of platinum is replaced by a plate of carbon. 

The Leclanclic cell consists essentially of a carbon plate 
and a zinc rod immersed in a solution of ammonium chloride. 
The carbon plate, however, is packed with manganese dioxide 
and carbon fragments in a porous vessel. 

The Bichromate cell consists of carbon and zinc plates 
immersed in a mixture of potassium bichromate and liydrogen 
sulphate, or in hydrogen chromate solution. 

54. Processes by which Electric Equilibrium is effected. — 
If two conducting bodies, mutually electrihed either by friction, 
induction, conduction, or by communication with a cell, are 
insulated, and placed clo.se together, th(‘y may be caused 
to resuiiK* tlicir normal condition by means of a small insulated 
conductor (a gilt pith ball for instance) suspended by a silk 
thread Ix'tween them. This conductor will move to and fro 
between them with considerable velocity, making repeated 
contacts with each, which gradually diminish and cease. At 
this point the two bodies wiW be found to be no longer elec- 
trihed, for with electroscopes and electrometers no indications 
of that condition are given. 

These bodies may also be caused to resume their normal con- 
dition by placing a metal l>etween them by means of an insulat- 
ing handle. The cliange in this ca.sc takes ])lace with extreme 
rapidity. It is eflected by a momentary contact. At the 
sanu‘ time tlie process is not visible. The change takes place 
witliout any displacement of matter. Any number of bodies, 
put in electric connection witli one another by means of 
metals, immediately assume the same electric condition, what- 
ever their original condition may have been. 

If a j)iece of very thin wire is placed in connection with 
the two bodies, equilibrium is not reached so rapidly, and 
may take a measurable time. During the process which brings 
about equilibrium, the wire may be shown to be in a condition 



SOME SPECIAL MUTUAL CHANGES 


81 


which is commonly described as having a current of electricity 
flowing through it. This description lias been so long used that 
it has become a familiar term, but subsequent investigation 
will show how far it is suitable or correct. 

The nature of the material used for bringing about the 
equilibrium has an im- 
portant bearing. Under 
ordinary circumstances 
air lies between the two 
bodies, but in tliis case 
equilibrium is indefinitely 
retarded. The same will 
be the case with glass, 
ebonite, and all insulators or non-conductors ; but with con- 
ductors it takes place readily, and still more readily wIkmi 
the conductors are relatively large. 

Two processes by which electric ecjuilibrium may be brought 
about are sliown above (fig. 20). 

55. An Electric Circuit, Conditions necessary for. - 1 1 
strips of copper and zinc are placed in hydrogen sulphate and 
put in metallic connection with one another outsich? the, litjuid, 
changes may be observed in tin; li(|uid and also in the zinc 
employed. Investigation will prove the.se changes to be per- 
manent. When tliev ccui.se, the sy.stem is no longer abh* to 
exhibit the electric properties of which it has already been 
shown to be possessed. 

The same statement holds good for any of the other (‘lec- 
trie systems or c(‘lls. Co-existent with tliese e}iang(‘s there is 
one which is not apparent, hut which may he perceived by 
special means. The space in the neigldjourlioofl of the system 
is in a certain condition afterwards to he investigattjd, and w(; 
may speak of the bodies con.stituting such a system as an 
‘electric circuit.^ 

The quantity of matter in a circuit may he ijicreased 
without any alteration in the nature of the properties acquired, 
provided the additional matter inserted is conducting matter ; 
but the magnitude of the eflects, characteristic of such a 
system, may he shown to vaiw with any change either in the 
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quantity, nature, dimensions, or temperature of any portion of 
that system. 

It will afterwards be shown that we may have an electric 
circuit — that is, a system of bodies exhibiting special proper- 
ties — without any permanent change of the kind about to be 
investigated. For the changes taking place in the cell some 
other kind of change may be substituted, so as to be correla- 
tive with the electric change. This may be a change of tem- 
perature or of position, as will lie shown. 

Tlie kind of cliange taking place in a cell may l^e illustrated 
by the changes occurring in a zinc, copper, and hydrogen sul- 
phate cell. When perfectly pure and homogeneous zinc is 
placed in dilute hydrogen sulphate, no action is observed. 
The quantity of zinc, on weighing before and after immersion, 
is found unchanged. Ordinary zinc, howe\'er, is acted upon by 
hydrogen sulphate, and diminishes in quantity by entering 
into solution, while* the hydrogen .sulphate itself becomes 
changed, losing a gas — hydrogen — and yielding on evaporation 
a whit(* solid — zinc sulphate. Precisely these changes take 
place wh(‘n })ure zinc and coj>per are placed in 
hydrogen sulphate and connected electrically. 
Since copper itself undergoes no change, nor 
produces any cliange, in liydrogen sulphate, we 
may consider that the conjunction of the zinc 
and copper with hydrogen sulphate originates 

I’ig 27. certain changes of the special kind known as 
chemical, and also that the behaviour of impure 
zinc is due to its impurities playing the part of copper in the 
above armngement. 

56. The Existence of Magnetic Stress Indicated by the 
Simultaneous Movement of Two Magnets. — When two 
magnets, fi-eely suspended, are brought sufficiently near to 
one another, they will be found to mutually attract or mutually 
repel, according to circumstances. Or if one is set oscillating, 
the other will also oscillate. 

In addition, any frt'ely suspended magnet will always set 
itself in the same position with regard to the earth, lying 
nearly noi*th and south. If one of the ends of the magnet is 




SOME SPECUL MUTUAL CHANGES 8:i 

marked, it may be perceived that this end will always point 
in the same direction. If it is displaced from this position, it 
will oscillate for some time, and then come to rest. It is also 
capable of moving in a vertical plane if propei ly sus])emled ; 
it w'ill be inclined in a degree which is found to vary in 
diflferent places on the earth’s surface*. 

We have, then, indications of a stress (‘\isting lK?twt*en a 
given magnet and the earth, and also of a stress between one 
magnet and another. 

In these experiments, as in tin* experiments on electric 
stress, the suspension of the bodies used is in*c‘es.sarv, in ordei- 
to overcome the stress of gravitation existijig between them 
and the earth. This stress is so powerful that those h*ss power- 
ful are prevented from producing th(‘ir sp(*cial chang<*s. 

When a suspended magnet is ol)S(‘r\<*(l to ])lace itself 
always in the same position with regard to tin* earth, and to 
oscillate about that position if dis]>laced, wc are nnahh* to 
detect any change in tin* earth itself ; just as we a,ie unable 
to perceive any change of the earth co existent with tin* 
fall of a body, but tin* mutual nature of the change is \er\ 
readily seen in the case of the magnetic stress between tw'(» 
magnets. 

A change, exactly corresjumding with the oscillatir>n of a 
magnet wdiich has been displaced from its j)Osition of ecjuili 
brium, takes place when a suspended body, such asu ]>endulum, 
oscillates under the stress of gravitation. 

If that end of a magnet wliicli moves so as to point to 
the north is brought near the coiTOsponding end of another 
magnet, the stress will b«* such that they are mutually r«* 
jxdled. If the tw'o ends which point southwards arc brouglit 
together, they are likewise mutually repelled. A north and a 
.south -pointing end, however, mutually attr-act. This property 
is easily shown by suspejiding the magnets from their c(*ntres. 
Likewise, magnets placed lengthways near «*ach other are 
attracted or repelled according as their coiTesjonding ends 
are reversed or together. 

We learn, therefore, that a magnet frossesses polarity, or a 
dual variation in space, similar to an electric field. 
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57. Deflection of a Freely Suspended Magnet by a Sub- 
stance forming part of an Electric Circuit.— When a lightly 
suspended magnet is brought near to a conducting body which 
is in conn(!ction with the copper and zinc of a cell, or which in 
any way forms part of an electric circuit, stress between them 
may }>e oljserved. The magnet always tends to take up the 
sam(‘ ]>osition, for if displaced from this position it returns 
after some oscillation. 

The magnet tends to jdace it.self at right angles to that 
axis (»f the conductor which lies between the points of connec- 
tion with the rest of the system. The relative distances from 
those points, or the filane in which the magnet is held, does 
not alt(T tliis tendency ; but on increasing the distance from 
the conductor its(*lf the stress rapidly decreases. 

It is convenient to take a wire as the connecting con- 
ductor. The magnet will always tend to set itself at right 
angles to the wire. Since the stress between the wire and 
th(* magnet is the same in all p(»sitions, pro\dded the vertical 
distance from the conductor be unaltered, the ends of the 
magnet are reversed when it is moved half-way lound the 
wire, i.e, from above to below the wire, or from one side to 
th(* other. 

If, then, the wirt‘ is turned upon itself, so as to form a loop, 
the stress is intensitiod : and still more so if the wdre is 
wound into a coil containing many loops. A magnet suspended 
at the centre of a coil will indicate by its movement M'hen the 
coil forms part of an electric circuit. Such an ari-aiigement is 
seen in a galvanometer. 

All magnets, when freely suspended, are always ao turned 
that their j)Osition with regard t(» the (arth is the same. 
There is a distinct stress between them and the earth. Con- 
seijutMitly, the displacement protlueed on a magnet by a con- 
ductor in a circuit must depend on the relative magnitude of 
the two stresses ; and consequently, the magnet will sometimes 
only lend to set itself at right angles to the coil. 

From this fact we learn also that the position of the con- 
ductor or coil in a galvanometer must not itself be at right 
angles to the position whicli a magnet assumes on account of 
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the stress between it and the eartli, for then the otlier stress 
might be unnoticed. 

68. Construction of a Galvanometer.— The stress existing 
between a coil of wire forming part of an electric circuit and 
a magnet is made use of in the instrument callotl a galvano 
meter. The simplest form of galvanometer consists of a 
number of turns of copper wire, which is insulated by a silk <»r 
cotton covering, wrapped round a wooden bobbin and sujv 
ported vertically. The ends of the wire are coniu‘cted i)y two 
binding screws, by means of which th(‘ galvanoinet<‘r can l»e 



Fijr. 2 fi, Ilr.i’iinHKNTh an r koh nir \r riov, i 
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rcgunl to the magnetic not-dh-. 


made to form pai*t of an electric circuit. At thc^ centre of this 
coil of wire Ls tixed a glas.s- cove red box, containing a iniignct 
suspended at its centre by a silk fibre. I Jnderneatli the magnet 
is placed a graduated circle, by which we may read the angle 
through which the magnet is deflected. 

Since the magnet will always be turnecl in the same direc- 
tion by the mutual action Ijetween it and the earth, the gal- 
vanometer is always placed so that its coil lies in this plane. 
Any movement of the magnet must then be due to the stress 
caused by the electric circuit. This .stress will be found to 
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depend upon the number of turns of wire employed in making 
the coil, and also upon the diameter of the coil. Other things 
being the same, the stress varies directly with the number of 
turns, and inversely as the diameter of the coil. Very sensi« 
tive galvanometers are constructed by using a very large 
number of turns, closely surrounding small magnets delicately 
suspended by silk or fpiartz fibres. The deflecting power of the 
coil is also made more apparent by using seveml very small 
magnets pasted at the back of a small mirror, from which a spot 
of light from a lamjj is reflected to a scale. A small movement 
of the magnet.s gives a. large deflection of the spot of light on 
the scale. When a steady deflection has been produced in a 
galvanometer, the stress betwe(*n the magnet and the earth is 
just balanced by the stress between the magnet and the coil in 
an electric condition. 

69. Meaning of ‘ Conductivity.’ — If a delicate electrometer 
is placed in connection with any two points in an electric circuit, 
it will indicate the existence of a stre.ss. If these two points 
are altered, so that the length of the conductor l)etween them 
is increased, the stress will be ob.served to increase, while it 
decreases if the length of the contluctor dimini.shes. The 
gr<‘at(*st value is obtained when the electrometer is connected 
with the zinc and copper plates themselves (or their equiva- 
lents). This str(‘ss continues so long as the system is unaltered, 
and so long as the correlative chemical changes in the cell 
proceed. That is, the same properties are exhibited b)’^ every 
portion of the circuit as are shown by the conductor connect- 
ing two mutually electrified bodies ; but while the latter con- 
dition is transient ordy, the other is maintained .so long as 
certain changes procet*d in the cell. 

This stress varies with the nature of the substances form- 
ing the system, as was observed in the use of the galvano- 
meter. When a bad conductor, such as bismuth, is inserted, 
the stress for the same length is much diminished, and may 
not ho perceptible. At the same time, any altemtion in the 
dimensions of the conductor inserted will affect the stress. 
The thinner the conductor, the smaller the stress, provided 
other things remain unaltered. Also, addition to the quantity 
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of matter forming the circuit may diminish the stress, and so 
much may be added as to render it imperceptible. Tliis, how- 
ever, will not readily happen unless the matter added is a bad 
conductor by reason of its nature or thinness. If any portion 
of the circuit is much changed in temperature, the stress 
varies, a rise in temperature generally causing a diminution. 

All these phenomena may be exhibited by using a galvano- 
meter ns well as by using an electrometer. 

We obser\’e, tlien, that different kinds of matter have dif- 
ferent effects upon the stress shown by an electric circuit. If 
that portion of the circuit w hich is called the cell or battery 
remains unaltered, the stress obtained will ^'ary with th(‘ 
quality, dimensions, quantity, and temperature of the rest of 
the circuit. When the dimensions, quantity, and temperature 
arc kept the same, then the stress varies w ith the nature of 
the matter employed. When the stress is large, the matter is 
said to have good conductivity, and the value of the stress 
varies w'ith the degree of conductivity. In practic/il applica- 
tion the term ‘resistance’ is more general. The greater the 
stress, the lower is the re.sistance. Tlie value of resistance* will 
therefore be the reciprocal of tliat of conductivity, and the use 
of either wdll lead to the same result. It is easy to .sec* that 
lx)th terms have their origin in the hyj>othesis of a current. 

It is important to note that the relations (‘xisting between 
the stress and the matter in a circuit contaiiUHl in it are also 
observed to exist between the rate at which tint ju’ocess of 
electric equilibrium takes place and the matter by which it 
is effected. Hence w^e may regard an electric circuit as caused 
by a system in w Jiich a state of equilibrium might readily 
occur but for some process by which it is constantly disturbed. 

60. Change of Temperature in a Substance forming part of 
an Electric Circuit. — In mldition to the stre.ss which is shown 
either by the movement of a magimt or the index of an electro- 
meter, it will 1)6 found that the whole of an electric circuit 
changes in temperature. The cliange will vary in different 
portions of the circuit, according to the nature and dimensions 
of the substances comprising it. 

This change may lx? shown by using a thermometer, which, 



88 


ELEMENTS OF LABORATORY WORK 


when placed in the liquid of a cell, will indicate a rise of tem- 
perature when the circuit is closed. At the same time, another 
thermometer, in contact with another portion of the circuit, 
may indicate a rise in temperature, which will not necessarily 
1)0 the same as that taking place in the cell. 

The extent of the change of temperature may vary very 
much in diflerent portions of the circuit ; but the changes of 
temperature are alike in those portions wliere the dimensions 
aTid quality of the matter investigated are precisely alike. 

At the same time, the change of temperature varies with 
the stress in the circuit, or, as it is called, the strength of cur- 
rent ; and tliis change takes place proportionally throughout 
the circuit. The <*lectric stress may readily be caused to 
diminish by adding to the circuit a body of low conductivity, 
such as a long, thin wire. A comparison may then be made of 
the relative changes of temperature in the same substance. 
The ^■ariation of the stress may be observed by the deflection 
of the magnet of a galvanometer, which is made to form part 
of the circuit. It is advisable to wrap a certain length of 
wire round the bulb of a thermometer and place them l)oth 
in a vessel of water. Tlie wire is then connected with the 
rest of the circuit. In this w’ay a change of temperature is 
readily observed. The rise of temperature will l)e found to 
depend upon the time during which the circuit is closed. 

Tlie conductivity of metals diminishes with a rise in tem- 
l^rature. The conductivity of saline solutions, on the other 
hand, inci’cases rapidly with a rise in temperature. 

A}t}froximate Jielative Conductixnty at 0 ° C. 


Mercury vnity. 


Mercury .... 

10 

Silver, anueiiled 

. 630 

Copper „ 

. 69 0 

Gold 

. 440 

Aluminium, annealed 

. 31-0 

Platinum „ 

. 100 

Iron 

9-2 

Zinc, pressed 

. 16*0 

Tin „ ... 

. 8-2 

German-silver, hanl or annealed 4*2 

Brass .... 

. 17-2 

Lead, pressed . 

4*6 
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Resistance oj Hard-draum Copper Wire at 15 “^ C. accordin<f to 
New Standard Wire Gauge. Resistance is the Reciprocal of 
Conductivity. Density of Copper = 8 * 95 . 


W. Q. 1 

1 

Dinmotor in 

i Resi-5tniire in Ohni-i 

Miifw in (Jmm-s 

Xeiit-e>*t 

Centimetre-5 

{ IH‘r metre 

jH*r metrt* 

M. \V. (i 

7/0 

1*270 

*(K>0137 

1134*0 


(»/0 

1*179 

•000159 

976-3 


6/0 

1*097 

•000184 

846-3 



1*010 

•0002 16 

726(; 


3 0 

*946 

1 000248 

627-6 


2 0 

*884 

•000283 

649-6 

0 

0 

•823 

(HK)327 

476 1 


1 

*7i»2 

•0003S1 

4' >8 1 


2 

*701 

•000461 

316-4 


3 

*040 

•000611 

288*0 


4 

•689 

•O0063S 

211*1 


6 

•63n 

(MH>761 

•203*8 


(i 

*488 

•oo<i931 

166-8 


7 

417 

' 000111 

140*6 


8 

•4(»C 

i *(KH3l 

116*1 


0 

•300 

1 (hHOO 

; 94-0 

9 

10 

*326 

*00210 

74*3 

11 

11 

*296 


61 0 


12 

*204 

1 *00317 

49*0 


13 

•231 

i *0040<1 

38-4 

' IP. 

14 

•203 

j 00536 

29*0 


16 

•183 

*00662 

23 5 


10 

■103 

j *00838 

18 6 

16 

17 

142 

1 *0109 

14*2 


18 

122 

j -0149 

10-4 


19 

•102 

•0215 

7*26 


20 

*0914 

•0266 

6*88 

27 

21 

•0813 

t>336 

4 64 

21 

22 

*0711 

•0438 

3*66 


23 

*0010 

• -0696 

2*61 


21 

•1 )o69 

*(►709 

2*19 

24 

25 

•0608 

•0868 

1*80 

26 

20 

0457 

106 

1 47 

27 

27 

0417 

128 

1*22 


28 

*0376 

•157 

*893 


29 

0346 

•185 

•839 


30 

*0316 

*223 

*697 

31 

31 

•0296 

225 

*610 


32 i 

*0274 

*294 

*629 


33 

•0264 

343 


32 

34 

•0234 

•406 

•384 


35 

0213 

•486 

*320 


36 

*0193 

594 

•262 

36^ 

37 

•0173 

i 742 

*210 


38 

•0162 

•954 

•163 


39 

*0132 

: 1-27 

•123 


40 

•0122 

i 1 49 

•104 
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61. Formation of an Electric Current when Two Dif- 
ferent Metals are placed in Contact at each Extremity, and 
the Two Junctions maintained at Different Temperatures.— 

Copper and iron wires, joined together and connected at their 
free ends with a galvanometer, will also serve to exhibit a 
relation between thermal changes and electric changes. If 
the junction is now warmed hy any hot body, such as a flame, 
t!ie magnet of the galvanometei- will move. If the junction 
is cooled, tlie magnet will move in the opposite direction. 

The simplest system would be a loop as shown (tig. 29, a), 
but the introduction of a galvanometer or electrometer into 
the circuit is needed to show the electric change produced by 
the change of tempeiature. The whole of the galvanometer 
coil may be considered as forming j)art of the copper wire, in 



which case the two junctions will Ik^ at a and n as sliown 
(liK. 29, h), 

A system of this kind resembles the systems previously 
investigjit(*d, except that the cell is now absent. In the place 
of tlie cell, and fulfilling its function, we have a hot body 
and a junction of two kinds of matter. 

The greater the difference of temperature maintained l^e- 
tween the two junctions, the greater will }>e the electric stress 
produced up to a certi\in limit. 

The important correlation between electric change and 
thermal change is illustnited in another manner. 

If the temperature of junctions in a heterogeneous circuit 
containing a cell be carefully observed, it will be found that 
at some parts there is a fall of temperature, at others a rise. 
The direction of the change, however, is always the same for 
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the same arrangement of the circuit. In this case the electric 
stress causes the thermal change. In the ju’evious c;vse tln‘ 
thermal change caused the electric stress. 


Additio}inl E.rercist^a and Qurstious. 

1. How do 3 ’ou di’^tingui^li air. t-oppor, bras^*, nuMvury, j«nliition of 
copper sulphate in watt'r, alcohol, turpentine, and glass with regunl t(» 
conduction ! Give exp(‘rimcnts which would support your views. 

2. What may be ob'^erved when conduction takes ])lace in homo- 
geneous metals ? 

3. What analogj' exists between a current of elect ricitv and a 
current of liquid / 

4. Compare thermal condudion with electric conductioji in the case* 
of metals. 

r>. What units can you suggest in ordtT to measure * (plant ity of 
tilectricity ’ and ‘ current ’ ! 

(I Describe by mean'' of diagrams tlie stressi's in an electroscope and 
an electromct(‘r, (Ist) when they are at rest and md electrirnsl and 
(2nd) when they ar<* at ri'^t and elect riti(‘d. 

7. What experiiiuMits showtiiat the space aiound bodies forming 
part of an electric circuit differs from ordinary space, and also from the 
space in tlie neigh hour! lood of an elect ri lied Itod.N ' AVhat further di.s- 
tinctions can be drawn from the facts that comlm tivity increases with 
the sectional area, and tluit the whole of tliebodv in an eloetrie c ircuit 
changes in temperature and not merely the outside ! 

8. Coil a long piece* of insulated wire into a helix, connect it liori- 
zontally by it.s (wo ends with a small e<'ll which can be tnade to lloat in 
water, and observe that the coil gets itself with its axis nearly north 
and south, as a freely suspeiuietl magnet would do. Observe also that 
two such floating coils attract aiul repel just as two magnets free to 
move would do. The cell may he made (ff any suitable materials. 

9. Construct a coil of insulat<‘d wire containing many t urns, cf»nnect 
the ends with a galvanometer placed at some fli-'tanee, and ohM r\<; what 
happens wlien a bar magnet is niovc*d in the axis of the eiu'l, or when 
the coil is nuivcd towards or away from the magnet. Note there.^ult of 
variation in the rate of the movement. 

10. Substitute f(tr the magnet in the last observation (9) aiudher 
coil in wdiicVi a current is (lowing. We tiieii liave a current in one coil 
producing a current in a neighlK>uring coil. Observe also that a l)ar of 
soft iron placed within the coil p 08 ses.ses the pnj[>erties of a magnet as 
long as the circuit Is unbroken. It Ixjcomes an elect ro-magnet. Insert 
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a key, and observe what occurs when the circuit is completed and also 
when it is broken. 

11. Introduce wires of different thickness and different lengths (tf.y. 
Nos. IG, 20, 32, and 40 B. W. G.) into a given circuit together with a 
galvanometer, and observe the effects. 

12. Give somedemonstrations of Ohm’s law— viz. that the ‘strength 
of current ’ varies directly as the ‘electromotive force ’ and inversely as 
the resistance. 

13. Construct a coil which possesses a resistance of 100 ohms by 
winding upon a reel some No. 32 .silk-covered wire, German-silver pre- 
ferably. Comj)arc the wire before winding with a standard 100-ohni 
coil. After adjustment wind doubly from the middle, so that tlie coil 
may not ])Osscs8 magnetic properties (in thi> case there will l>e an 
ofiual number of turns in each direction, and, therefore, magnetic equi- 
librium). Solder the ends to terminals and coat with paraflSn. The 
coil will probably be slightly inaccurate when carefully tested, but the 
(‘xperience will be valuable. Remember that the wire twisted round a 
binding-.screw must not be counted as offering resistance. 

M. Observe the effect of joining the terminals of a galvanometer 
by thick and thin wires while it is connected with the .same battery. 
How would you prove that, when there is a choi<'(‘ of patlLs for the 
current, as in this ca.se, the quantity along each path varies inversely OvS 
t he n'sistance ' 
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CHAPTER VI 

OBSERVATIONS WJfK lI LEAD TO THE THEORY I H AT ALL MATTER 
IS MADE VP OE VERY SMALL SEPARATE PAR’IICIJCS 

62. When Liquids differing in Composition are placed in 
Contact a gradual Rearrangement of the Matter may proceed 
until the whole is homogeneous, i.e. until the Composition is 
the same in every Part.— TI r* i>y which tw’«) 

spread themselves through one anotJier so that iti coiirst* of 
time the w'hole is alikt* in composition, is called diiriision. It 
will be found to t.ake place in gases as well as liipiids. Soin«* 
liquids, Inovover, remain distiiKd, and do not dillusc* c\cii wlnm 
left in contact for a very long time. Surli < ascs ar(‘ illiis 
trated by mercury and water. Mercury added to water sinks 
Ijelow' the water, and their surface of sejuiration does not 
change. In other cases, however, the surhiee of separation 
disappears more (»r less ra]»idly, the dillerent kinds of matter 
cross the original .surface of separation in each dire«-tion, and 
gradually become evenly distributed. 

When a liquid and a gas are in contact lh(‘ .same kiml of 
change may go on. For example, when w'ater and air an; in 
contact, some of the water passes into the air aiul some of 
the air into the water ; but the substances diller so miieh in 
condition that the law's whicli hold for suhsfances in ila* 
same condition do not apply. The solution of ga.s(;s in liquids, 
and the evaporation of liquids, are treated separately, liut 
within certain limits w'c may con.sider that if we iia\e any 
two kinds of matter, x and y, in contact tlnue is a tendency 
for the original surface of separation to bfjeome divided inUj 
two surfaces, whicli ultimately diverge its eomjjh*tely as 



94 


ELEMENTS OF LABORATORY WORK 


possible. Finally, no region contains x alone and no region 
contains y alone— at any rate, so far as we can yet analyse. 

This action may be readily shown by placing a small flask 
containing alcohol within a large cylinder (fig. 30), and filling 
the cylinder gradually with water, which is denser than the 
alcohol, until its level is about 2 inches above the top of the 
flask. A glass bulb,M)lowii so as to just float in water, and 
placed in the cylinder, will be found to sink lower and lower 
as the density of the Ihjuid in the cylinder diminishes with the 
progress of the diffusion. When the diffusion is complete, the 
den.sity of th(^ liquid iii the flask will be found, 
on removal and examination, to be the same as 
that in the cylinder. That is, the liquids will 
b(» evenly mixed by a process which cannot be 
directly traced nor exj>hiined, unless we admit 
that it is by the imj)ercej»tible movement of 
v(‘ry minute particles of each li(juid. 

This action niay also ])e illustrated by 
jilacing, by means of a line pij)ette, a coloured 
litluid, such as a solution of potassium bichro- 
mate, at the )M»ttom of a cylind(‘r alrea<ly 
filled with wat(‘r. With care, little disturbance 
of the water will ensue. The diffusion may 
then be observed by the gradual change to a 
uniform tint throughout. Othei- methods will 
suggest themselves. The rate of diflusion vari(*s with the 
kind of matter used ; but in all (*as<*.s tin* rate increases 
with the temperature. 
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63. When a Solid and a Liquid are placed in Contact, the 
Solid tends to gradually diffuse throughout the Liquid, in 
Amount dependent upon their Eelative Quantity and their 
Nature and Temperature. — If water is the liijuid selected, and 
sodium chloride the solid, it will be found that- a small 
quantity of the solid, introduced into the liquid, will rapidly 
disappear or dissolve. A further quantity may be added and 
the same change ensues, and so on until a limit is reached. 
The solid does not then dissolve, but sink*' to the bottom. 
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The solution of a solid in a liquid differs, therefore, from the 
mixing of two such liquids as alcohol and water, inasmuch as 
it cannot proceed indefinitely. It resembles it, howcA er, in the 
peculiar thoroughness with whicli the solid permeates the 
whole of the liquid. In other words, the solid, or the dissolved 
portion of it, diffuses through the li<|iiid, so tliat after a time 
the whole is liomogeneous. This mny 1 m‘ proved eitlior by 
cliemical means ; by the evenness of tint when tln^ solid is 
coloured ; by the evenness of density ; or by taking cHjual 
volumes of the solution, evaporating, and weigliing the solid 
residue. The last process is generally apjdicable. 

The rate at which a solid dissolves (h'pends upon tin' extent 
of the areas in contact ; hence a powder dissolves more 
(juickly than the same quantity of tin* suhstancf* in (uie pieiM*. 
ltalsodep<*nds uj»on tluM[uantity of tlu' solid alrea<ly (UssoImmI. 
A given li<|uid cannot hold dissolved m<»re than acertain quant ity 
of a given solid. In considering the jjrocess f>f solution, it must 
be remeinb(Ted that the layer of licjuid in contact with the 
solid be(;omes saturated - that is, it contains its maximum 
quantity, except so far as it lost*s by diffusion. This process, 
however, is slow. Hence mo\eni(ud (juick»*ns solution. For 
the .same reason solution is often ipiickened by susp(*nding the 
solid at the top of the li<|uid .solvent, so that tlie denser 
saturated portions may sink away from the solid. 

The limitation to the mixing of a solid with a given (|uan 
tity of liquid must be lookial upon as due to the solid itself 
rather than to any inability in the liijuid. The knowhulge 
which we liave previou.sly gained of the different behaviour 
exhibited by .solids and liquids when acbnl on by stre.sses, 
give.s a pi’obability to the view that a .solid consi.st.s of small 
particles which can only Im* separated with difficulty. I’he 
actions between a .solid and its sohtmt, whatever they may 
be, which result in these firmly cohering particles Ixdng 
separated, are gmdually weakened as more and more of tla^ 
solid becomes mixed with the .solvent. That the action is a 
complex one is proved by tlie fact that solubility is in no way 
proportional to tenacity. 
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64. The Solution of a Solid is attended with Change of Tem- 
perature. Also the Bate of Diffusion varies with Temperature. 

When ainuionium nitrate is added to water the temperature 
is very much lowen^d ; a temperature as low as — 27° C. may 
oven 1)0 reached. Ammonium chloride, sodium acetate, 
silver nitrate, and potassium iodide, among others, will pro- 
duce a fall of temperature. On the other hand, manganous 
sulphate, magnesium chlori(h‘, and a few others, when dissolved 
in water, cause a rise of temperature. The observations are 
easily mad(^ by using a thermometer to indicate the tempera- 
ture befor(‘ and after the solid in (juestion is dissolved. 

In all th<' above cases the solids dissolved resume their 
original condition on raising the temperaturt* of the solution 
sutliciently to gasify the water, and the same observations 
may be made* with other solids and other liquids. In certain 
eases, how(‘ver, tin* solid cannot be restored to its original 
condition by raising the temperature of the liquid containing 
it. For (‘.xample, when zinc and hydrogen sulphate are 
placed in contact, and the liquid afterwards raised in tem- 
perature, a solid quite unlike the zinc is obtained. Changes 
of this kind wnll reijuire to be afterwards considered more 
fully by themselves. 

In either case the change coincides with a tht‘rmal change, 
and at the same time cannot be mentjilly gnisped, except as 
a rearrangement of very minute particles ; those of one sub- 
stance making their way among those of the other substances 
impercej)tibly, just as imperceptibly as electric and thermal 
changes proceed. We adopt, then, the theory that matter is 
discontinuous, i.c. built up of separate particles. So small, 
however, are the particles that no changes which affect them 
can bo directly observ ed, and hence the difticulty in measuring 
or understanding them. 

It is important to note, in view of a possible connection 
betw'oen the temperature of a body and the motion of its 
minute particles, that the rate of diffusion of tw*o liquids 
increases with the temperature. 

65. The Quantity of a given Solid dissolved varies with 
the Temperature of the Solvent. The Point of Saturation is 
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reached by Different Quantities at Different Temperatures.-- It 

will be convenient to take water as the solvent, and potassium 
nitrate as the solid. It will be found that water at about r>r>"’ C. 
will hold in solution three times as much potassium nitrnto 
as the same quantity of water at (’. This may 1 m' shown 
by allowing water to remain in contact with excess of the soliil 
(i.e. more than can be dUsolved by the water) for sev<»ral 



j'lg. 31. 


hours, A known quantity of the solution, whicli will then ho 
at the temperature of tlie room, is then reniov(*d hy a gradu- 
ated pipette, placed in a crucible which has Iweii previously 
weighed, and kept at a moderate temperature until all the 
water is gasified. Care must l>e taken that none of the solid 
is lost in the process. The crucible, with tlie solid, is then 
weighed, and the quantity held in solution thus determined. 
The quantity dissolved at a higher t^mifK.Tature may be ascer- 
tained by keeping the water, which is in contact with excess 

11 
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of the solid, for some time at a temperature exceeding the 
temperature to be investigated. It may, for example, be 
boiled for several minutes. A thermometer is then inserted, 
and, as soon as the liquid has cooled to the desired tempera- 
ture, the same quantity of the solution is transferred by a 
warm pipette to a weighed crucible, evaporated, and measured 
as before. 

It follows from this that a saturated solution, as it cools, 
must liberate some of the solid from solution. This may be 
seen l>y allowing some of the warm solution to cool in a clean 
vessel. The solid then appears as crystals, first minute, then 
growing larger and increasing in number. 

By this and other methods such diagrams 
as that of fig. 31 have Ijeen drawn up. The 
curves represent the relative solubilities of 
various substances at various temperatures. 

66. When Gases differing in Composition 
are placed in Contact, a gradual Bear- 
rangement of the Hatter proceeds until 
the whole is homogeneous, i.e. until the 
Composition is the same in every Part. — 
In the same way as certain liquids diffuse 
throughout each other, so do gases ; but the 
diffusion is completed, in the case of gases, 
more rapidly, even when the surfaces in con- 
tact are very small. The manipulation of a 
gas is more difiicult than that of a liquid, 
and direct proofs of the diffusion of gases are 
scarcely needed in the presence of many 
indirect proofs, but the following experiment 
illustrates the diffusion of two gases into one 
another : — 

Two dry glass flasks (a and b) of equal 
capacity, each fitted with a cork and glass 
tube to which a piece of caoutchouc tube 
with a clip is added, and containing air and ammonia respec- 
tively, are placed in communication by a narrow tube, and the 
clips opened so that the two gases may come into contact. 
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After some time the clips are turned, and the vessels discon- 
nected and opened under water. The water will l>e found to 
rise about half-way uiside each vessel, on account of the 
solubility of a portiofi of the contents of each v(»ssel. Tims it 
is demonstnitod tliat the ammonia which previously tilled the 
upper vessel has evenly distributed itst*lf throughout lK)th 
vessels. The experiment also iilustnvtes tin* fact that tlie 
gases are soluble in liciuids, for the water ent/oriiig into tln^ 
vessels replaces the ammonia removed by solution. It is con- 
venient to use, as the source of the amiiionia for filling ii, a 
strong solution of the gas in wat(‘r, placed in a llask, fitted with 
a delivery tube which h*ads to the top of ii, inverb*d over it. 
On raising the temperature of this solution, ammonia will be 
driven off and comph*tely till the vessel n, expt‘lling tin* air 
downwards. This depends upon tin* fact that the (plant ity of gas 
dissolved by a li(juid varies with the temperatun*. I’ln* higher 
the temperature the smaller is the (piantity ln‘l(l in solution. 


Ta}}h' nf Siphtftitify Air in Wnfrr. 

(’tnt \ ’olumc of Wafrr at 7U0 m m prrugurv at : 
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•02287 

H 
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4 
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15 

•01705 

r> 

•02170 

10 

•01 77 1 

0 

-0212H 

17 

•01750 

7 

•02080 

IH i 

•01732 

8 

■02034 

10 i 

■01717 

U 

•010112 

20 j 

01704 

10 

•01053 

1 



67. Atmospheric Pressure and its Variations.— An instru- 
ment for indicating the pressure of the atmosphere is culled a 
barometer. A glass tube, of the form shown in fig. -h*!, elostid at 
the end A and open at the end B, is nearly filled with mercury 

a 2 



Tohh of Cf>€ffi.cient8 of Absorption of Gns^s in H aft^r and Alcohol ot 0^, 4°, 10^, 15°, ond 20 
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Sulphur dioxide . ‘ Alcohol 328'<>2 2»>5 Sl , 190 31 144'55 114'48 

Aniinonia . Wator i: | iHl-g 812-8 727-2 654-0 

Air ... . Water 002471 0-02237 O-OIO:.;! ' 001793 ! 0-01704 
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by inclining it suiUibly. Any air now roinaining may \>o swept 
out, by closing tlie open end witli the thiiinh, and causing the 
air in tlie sliorter to pass to t}ie top of th(» longt'r 

branch and down again. Mercury is now poured out 
until it stands about half-way up tlie sliorter bnineli, 
and th(‘ tube is suppoiteil vertically. It will lie 
noticed that there is an empty space at tin* bip a, 
provided the tube* be longiMiough to allow the vertical 
distance between tlu‘ two columns to lx* more tlian 
760 m.m. If tin* tube Ik* now attached to a graduated 
scale this vertical distancH* may be exactly measured, 
and observations will r(*v<‘al variations from time to 
time. 

The vertical distance betw(‘(‘n the two surfa(‘es of 
mercury may lu* most accurat(‘ly measured by using 
a cathetometer, which is an instrument consisting of 
an accurately graduated and rigid har firmly fixed on 
a support carrying Icxelling .screws, by which it may 
be made perfectly vertical. Spirit levels fi\<*d upon 
a moveable portion will show when this I’ondition 
is r(*ach(*d. To the mo\ cable fjortion is rigidly fi.xed 
the rcfiding telescope, which rexohes in a horizontal 
plane only, and a vernier whicli is so arranged that 
the vertical ino\(*ment of the telescope may be 
accurab'ly read. 'Fhe cross wires of the te]escoj»e /i?e first of 
all focu.ssed upon some distant object, and then the telescop(‘ 
n‘placed in position. The v(‘rtical distance betw(*en any two 
points is tln‘n e(|ual to tin* disbince f>btained fnnn thci readings 
of the vernier, altliough tin* t«*le.scoj)e may have been moved 
horizontidly through any angle in making the cross wires 
coincide with th<r r(?<juir(*d points. 

68. The Use of the Cistern Barometer.— The cistern baro- 
meter con.sists of a long straight tube, closed at oin? end, wliicli 
has Ijeen compleU*ly filled with pure mercury and then inv(*rted 
in a cistern holding mercury. The atmosjdien*, pressing upon 
the surface of the mercury in the cistern, supports a column of 
mercury within the tulie, just a.s the atmospheric pre.ssure on 
the surface of the mercury in tlic .shorb r limb of the tul>e, 
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which was used in the last experiment, maintained a longer 
column of mercury in the other limb. The height of the 
column supported may be noticed to vary slightly at different 
times, provided the tube l)e long enough. In order to accurately 
measure this variation in the distance. 1 between the level of the 
mercury in tlie cistern and that in the tube, certain details of 
construction are re(juired. The bottom of the cistern A is 
formed of leather, which can be raised or 
lowered by a screw n working against it. 
By this means the surface of the mercury 
in the cistern may be always made to touch 
an ivory pointer c, placed immoveably with 
r(*gard to the scale. The distance is then 
always in(‘aKured from the bottom of this 
pointer to the top of the column of mercury 
within the tube, and since the scale is 
rigidly fixed to the tul)e (for it is marked 
oil the brass tube partly encasing it), a 
iiaiid with a horizontal lower edge, moving 
over the tube and gniduated so as to form 
a vernier, enables the exact position of the 
column with regard to the scale to be read. 
When tb(* centre of the mercury surface and 
the front and back of the band all seem to 
1 m‘ at tlie same level, their vertical heights 
coincide. It will ]yo noticed that tlie sur- 
face of the mercurv is somewhat convex. 
W»* measure from the centre of the surface, 
whicli will 1>e the highest jioint, provided 
the tube be vertical. This is ensured by 
allowing the tube w’ith its brass case to 
hang fively. 

The accunite comparison of the pressure 
of the atmosphere at different times requires 
more than the reading of the height of the 
column of mercury it supports. The height 
of the column of liquid supported under the.se conditions has 
be<‘n show’ll to be inversely proportional to the density. Hie 
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density of mercury varies with its temperature. Hence the 
height must always be corrected to the same temperature for 
the comparison to he ^xact. In addition, the scale itself varies 
with change of temperatuie. If we know the coefficient of 
expansion of the brass of which it is made, coirection is very 
easy. It is useful to take the heights of the columns of two 
barometers at the same time and note that tliey are alike, in 
so far as they are correctly constructful, although the tulx^s 
may vary in diameter. 

69. The Volume of a given Hass of Air maintained at the 
same Temperature varies inversely as the Pressure, that is, 
the Density of Air varies directly as the Pressure -A long 
thick glass tube of even bore, closed at the end a and enlarged 
at the other end b (fig. 35), has mercury carefully poured in 
until it stands at the same level in both limbs. 

This may be readily ascertained by a scale fixed 
behind, or better, by using tin* eathetometer. The 
height of the barometer is now taken, and tlnm 
mercury added until the difference between tlie 
two levels is equal to the observe<l height of the 
barometer. It will now lx* found that the air in 
the shorter limb occupies half its j>revious volume, 
and it is evidently subject to double its original 
pressure — that is, double the pressure of the atmo- 
sphere. It is necessary to calibmte th(^ shorter 
limb in order to measure the volume exactly. If, 
instead of adding a column of imircury (*qual to 
that supported in the barometf‘r, we ]>our in 
mercury to half this height, the gas will l>e found 
to occupy two- thirds its original space ; for tlie 
change of pressure is in the ratio of 1 to 1 .1, or 
2 to 3, and, therefore, the volume changes in 
the ratio of 3 to 2. It must be roineml>ered, how- 
ever, that a given change of pressure might not 
produce the same change of volume at different 
temperatures. In order to ascertain tliis, thf^ changes in 
volume may V>e observed when the tulx? is surrounded ae 
completely as is practicable by snow or ice, 
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Observations at higher pressures require inconveniently 
long tubes ; but they have been found by special experiment 
not to agree exactly with the results a{ low pressures. The 
same results for low pressures, and the same slight divergence 
from the general rule at high pressures, has been observed in 
the case of most gases. We may say, for practical purposes, how- 
ever, that the volumes of all gases vary inversely as the pressure. 

It is, of course, assumed that no mixture or union of the 
bodies in contact (mercury and air) takes place ; and also that 
the temperature is the same at each measurement of volume. 



The various ('urv(‘s ropn^sout the relation bctwt'eu volume and pressure, for various 
teuijHTutures, of a ffivcu ^ras. The vertu’al ilistaneeT> ot a ^MVeu point, m any of these curves, 
from a 0 and <» r, rcprest'Ut tin- magnitude of the pressure and volume respectively. 


Ill order to measure corresponding changes we must take care 
in every case that these changes only are l>eing observed, or, at 
any rate, we must take into account those modifications which 
cannot be avoided. 

70. Graphic Eepresentation of Correlative Changes by Dia- 
gram. — This mode of representing correlative changes may 
be illustrated by the following example : — Two straight lines 
a 6, a c are drawn at right angles to one another. The units of 
length along a b are made to stand for units of volume, while 
the units of length along a c stand for units of pressure ; that 
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Diagrams showing that Bogle's law is not quite true. The pntduet of he 
numerical values of pressure ami volume, p r, varies with pressure as 
shown. From Amagafs observations 


Nitrogen. 



Hydrogen. 



is, the magnitude of any given voluiue and of any given 
pressure is graphically represent<^d by tliv inaguitude of linear 
distance in the direction a h and a c respectively. The^ results 
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of a series of observations are recorded by marking along a h 
the distances corresponding with the volumes, and along a c 
the distances corresponding with the pressures, in each case 
according to a given scale, and then erecting at these distances 
perpendiculars which shall meet in points which mark by their 
linear distance from a h and a c the condition of the body with 
regard to volume and pressure at the respective observations. 
It is obvious that an endless number of observations would 
yield a continuous line instead of isolated points. Instead of 
this, a number sufficiently large to detect any irregularity is 
taken, and then the line joining the points recording these ob- 
servations becomes the probably true representation of the 
state at all intermediate stages. 

Such diagrams are given above (tigs. 36, 37). 


Tahit* nhouing Vahie of Product p vfor Air at Various Pressures 
and at Ordinary Temperatures} 
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M197 

94-94 
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* From Ainagat’s observations. 


71. The Measurement of the Change in Volume of a giyen 
Mass of Air, when changed from the Temperature of the 
Eoom to that of Boiling Water, while the Pressure remains 
Unaltered. — A round-bottomed flask is tightly fitted with an 
indiarubbor cork, and its position in tlie welted neck of the 
flask marked. This cork is to be fitted with a short thermo- 
meter, and also with a short glass tube, to w’hich is joined an 
indiarul>l>er tul>e with a clip, as shown (fig. 38). The glass tube 
is not to project below the bottom of the cork. The capacity 
of the flask up to the point marked on the neck, together with 
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that of the tubes as far as the clip, is measured by filling 
with water and then emptying the water into a graduated 
vessel. • 

The fiask is thoroughly drie<l inside, and, with the cork 
inserted and the clip opened, it is immersed forsever’al minutes 
in a vessel of boiling water, and the temp>erature observed. 
The clip is then tightly closed and the flask (juickly removed. 
The fiask is then placed with the mouth of (he tul>e under 
water of the same teinpen\ture as the room, tlu* clip is 
opened, and th(* flask is allowed to cool to the teinpemtun* of 
the room. The l('vel of the water outsidt* is madi* to agree 
with that of the water inside the flask, and at this point the 
clip is closed. 

The water which has entered the flask is measimul by 
means of a graduated vessel, and, when its volunii* is deductcwl 
from that of the flask, we obtain the volume of air, at the* 
temperature of the room, wiiich will fill thf* flask when niised 
to the temperature' indicated by the thermoiiK'ter. This will 
be nearly the same as that of boiling 
water (100® C.). That is, w'o have the 
means of measuring the change of 
volume which occurs when a certain 
volume of air undergoes a certain 
change of temperature. The pressure 
at each temperature is the same, as it 
is directly exposed to the atmosphere 
at the higher temperature, and is Fk. 3 

brought into equilibrium with it, beforf' 

measuring at the lower temperature. If accuracy is not ex- 
pected, the thermometer may be dispensed with, and the higher 
temperature taken as 100®, but the use of a thennoiiioter is 
recommended. Suitably short ones may l)e obtained. 

The same method may be used for other giises. 

72. The Temperature-changes resulting from Changes in 
the Volume of Oases. — When temperature changes in gases are 
in question, it must be remembered that the rjuantity of inattfjr 
constituting a given volume of gas is very small compared 
with that of the containing vessel, A small change of 
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temperature in a gas would not be easy to observe, on account 
of the si>eedy adjustment of its own temperature with that 
of the vessel ; hence all coiuparisous and. measurements of the 
changes become extremely difficult. 

It is oufiy to show that the diminution in the pressure on a 
gas, with its consequent expansion, takes place together with a 
fall in tempcniture. If a tliennometer is placed under the 
cover of an air-pump, and a jmi’tion of the air removed by 
means of the pump, the thermometcT may easily be made to 
mark a fall of 8° or 10"^. In this case we have a diminution 
of pressure on the small quantity of air remaining which 
enables it to expand and fill the given space. In so doing 
it becomes considerably colder. The same result may be 
shown by exhausting the air from a xessel by means of a 
filter-pump. 

If th(^ pressure upon a gas lx* increased — that is, if its 
volume be diminished — the tempemtur(‘ increases. This may 

(easily showni by using a force-pump to compress a large 
quantity of air within a given space containing a thennometer. 
Tlie temperature will be found to ris(* just as distinctly as it 
fell during the conv(*rse process. 

Many modifications of these experiments may l>e made, and 
they may be extended to oth(*r gases with the same results. 
It is of great importanci* to consid(‘r these results side by side 
with tin* observations that an increase in the temperature of a 
gas, from contact with a hot body, causes its \'olume to 
increase, pro\ ided the pressure remains the siime ; while a 
decrozise in temp<*ratun.? cau.ses a contraction in volume. These 
apparently divergent facts are reconcih‘d if we tiike into con- 
sideration certain exter nal cliangr^s, which must be considered 
at a later stage. 

Similar results, witli certain mollifications, are found in 
dealing with liquids and solids. For example, the stretching 
of a wire cools it, w'hile examples of compression causing a rise 
of temperatui-e are common. Friction may be looked upon as 
a special case of compression. But the greater simplicity, to 
be subsequently demonstrated, in the structure of gases makes 
them ervsier to investigate than solids orjiquids. 
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73. The Measurement of the Pressure of Aqueous Vapour 
in contact with Excess of Water at different Temperatures.— 

When a small quantity of water is introducocl into the vacuum 
of a barometer, it wilf be found that tlio column of inorcury is 
depressed through a distance which do(js not change on th(» 
introduction of more water, provided the teinpemtun' of th(‘ 
whole Ix' unaltered. But if the teinperatnn* be oausc'd to rise, it 
will l:)e found that there is an incnMise of the depression of the 
mercury column, caused by tlu^ pressure of tin' wat(M* vjipour ; 
and if a temperature of 100° O. be reached, the pnvssure of the 
contained vapour would be e(|ual to that f>f the* atmosphere, /.c. 
the column of mercury inside be de}»ressi‘d to the h'vtd of tlic». 
mercury outside. It will also Ik* noticed that, if tin* tulu^ 
itself l)e raised or lowered, the h(‘ight of the column of nuTcury 
is unaltered. That is, the pressure of tla‘ \ a pour P 

in presence of w'ater remains the same, whatever 
the change in th<* space throughout which tJie 
pressure has to be e.\erted. The ipiantity of li(piid 
may be noticed at tin* same time to <liminish or 
increase as the sj)ace is increased or diminished. 

In each experiment tb(*r(‘ must be (‘x<ess of 
waU*r. 

Any vapour which behaves in this mann«*r is 
called a sntuniUd vapour. These results are iinh* 
pendent of the presence of air, as may be shown by 
allowing a small (juarjtity to enter the tube. 

In conducting the.se experiments firm stands 
for the tubes are essential, and a tube with a 
vacuum free from water is in‘cessary for compari- 
son. In order to .show that the ])resKur<* is inde- 
pendent of the s[)ace tlirough which it is exert<‘d, 
provided only there be exc<*.s.s of water, the (u'sterFj 
shown (tig. .*10) is used. In order to show that 
the pressure of the vapf)ur at lOO' is e<|ual to tliat. 
of the atmosphere, f*om}»Iicab‘d apparatus is le 
quired. What is strictly true is that water boils 
at that temperature at which it.s .saturated vaf>our has a 
pressure equal to that which its surface l>ears. By diminishing 
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Preattwre of Aquueous Vapou/r in M. M, of Mercury. 
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i 28-10 

100 

760-00 * 

22*9 

3 

n-69 

29 

29-78 

I 1(K)-1 

: 762*73 | 

i 230 

27*6 

4 

010 

30 

! 31-65 

1 100-2 

765-46 : 

1 


5 

Ci-OH 

35 

j 41-83 

1(K)3 

768-20 ' 

1 


(> 

7(K) 

40 

1 64-91 

100-4 

771*95 i 



7 

7 49 

15 

' 71-39 

100 6 

773-71 i 

; 


8 

802 

60 

91-98 

100-6 

776*48 i 

1 


!♦ 

8-57 

55 

117-48 

; 100-7 

779-26 

! 


10 

917 

60 

148-79 

: 100-8 

' 782-04 



11 

9 79 

66 

186-94 

1 1009 

784-83 



12 

10-40 

70 

233-08 

1 101 

! 787*69 



13 

11-16 

76 

288-60 

. 105 

906-41 



14 

11-91 

80 

354-62 

1 no 

1,075-37 



15 

12-70 

85 

433-00 

!l 120 

1,489-60 

1 



Boiling-points of some Saturated Solutions. 


Quantity ill 1UI> 


bait OitwolViil 


imrt8 uf water at , 
Doilinp-point j 


Potassium acetate 


8(K) 

169° 

Bodiuni acetate 


209 

124*4° 

Ammonium nitrate 


209 

164° 

Calcium nitrate 


362 

116° 

Potassium nitnito . 


335 

116° 

Sodium nitrate 


224 8 

121° 

Potassium carbonate 


206 

135° 

Sodium carlionate 


48*6 

104*6° 

Potassium chlorate 


' 61-5 

104*2° 

Ammonium chloride 


89 

114*2° 

Barium clilorido . 


60 

104-4° 

Strontium chloride 


117*6 

117*8° 

Calcium chloride . 


325 

179-6° 

Potassium chloride 


59 4 

108-4° 

Sodium chloride . 


402 

108*4° 

Sodium phosphate 


j 112*6 j 

106*6° 

Potassium tartrate 

• 

276*2 

114*7° 
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the pressure upon the surface, boiling will commence at a 
correspondingly lower temperature. 

In the same manner as alx)vo it may be shown that the 
saturateil vapours of ether liquids exert a tinal pi*essuro, which 
is proportional to tlie temperature, and that tht* tempt^rature 
at which any liquid boils is the temperature at which its 
saturated vapour exerts a pressure equal to that uj)on the free 
surface of the liquid. 

74. The Enunciation of Avogadro's Theory. The observa* 
tion that most gases change their volume in almost exactly the 
same degree, when tlu^y undergo the same changes of tempe- 
rature or pressure, led to the theory of Avogadro. Accord- 
ing to this theory, similarity of htdiaviour is caus(*d by 
similarity of structure. We must rc‘gard a given volume of a 
gas as a system of very small invisibh‘ particles, s(*{>aratod 
from each other by a distance which diminishes when the 
pressure increases or the temptuature falls, and grows larg(*r 
when the pressure decreases or the t4Mnp(;rature rises. Dif 
ferent kinds of gases will have ditferent kinds of particles ; 
but equal volumes of all gases, at the same temperature and 
pressure, will contiiin the wiine number of partich's. 

The theory does not (*xt<5nd to the conq>osition rn' structure 
of the particles, or to other changes const^quent on a (diange of 
temperature. With tliew; it is not concerned. 1 1 aims merely at 
explaining the observation that gases undergo the same change 
in volume when e(|ually changed in WmjHmiture and pressure. 
Further investigations are necessary In^fore the accuracy or 
limitation of the theory can l>e tested. It has the undoubt<;d 
advantage of simplicity. It offers no precise explanation of 
the manner in which changes of volunu! are prfjduced, nor of 
the exact condition of the systtmi at any given moment. It 
assumes that a given change is effected by an average change 
in the distance l>etweeu the particles. Some may In* wider 
apart and some closer together than the average. 

Since nothing like any heterogeneity of structure, much 
less isolation of particles, can ever be detected, it is indis- 
pensable to the theory that the particles must be considered 
as extremely small. 
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Avogadro’s theory, then, assumes that equal volumes at the 
same temperature and pressure of those gases which undergo 
the same volume-change, when they are equally changed in 
temperatures or presssure, contain an equa'i number of particles. 

It is obvious, if this be true, that the relative quantities 
of matter contained in ecjual volumes of different gases under 
th(i same; conditions of temperature and pressure, will be the 
same as the relative quantities of matter contained in separate 
particles of these gases. If the theory be true, we may learn 
the masses of relative particles which are so small as to be 
far removed from the possibility of direct observation. 

If we admit that the observations of changes of pressure 
and temperature in gases lead to this conclusion, it remains to 
be shown how our conceptions of these changes are aided. 
Other observations have indicat(;d to us that these particles 
are in constant motion. They must, therefore, approach the 
sides of the containing v(»ssel with a frecpnuicy which is directly 
proportional to their number. If the volume of a system of 
these particles is halved, the number of their impacts on the 
sides of the vessel is doubled. When we speak of the pressure 
being doubled, this appears to be what is meant. 

Again, wlum the bunperature of a gas changes, the speed of 
its particles is supposed to change, an increase of speed being 
the real chang<; known to us liitherto as a rise of temperature. 
An accelemtion in the average speed of a system of particles 
will increase the number of impacts against the sides of the 
containing vessel just as much as a diminution in the capacity 
of the vessel, lienee, the volume remaining the same, the 
pressure increases with rise in temperature ; or the pressure 
remaining the same, the volume increases. 

We are driven to the conclusion that the expansion of a 
gas during a rise of temperature, while its pressure is un- 
changed, is a change of the same nature as that which occurs 
when a moving body, coming in contact with another body, 
sets that l>ody in motion. If tliis be so, the converse changes 
which have been observed are such as might be expected. 
That is, the forcible diminution of the volume of a gas should 
cause its temperature to rise, and, using the same reasoning, 
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an increase in the volume should cause a fall of temperature. 
Tn the former case the sjH*<*d of the particles which coino 
in contact with the moving boundary is iiicmised, in the 
latter it is diminished. Tln‘ temj^K'rature-clianges stated are 
matters of direid observation, vvhetln*r the hypothesis be correct 
or not. 

The ordinary change (»f temjH‘ratur(‘, consequent on con- 
tact with a body of ditlerent temperature, must be regarded, 
in ibe same way, as a change in the rate of motion of the 
particles through collision with }>articles mo\in*; at ditlerent 
rates. The particles from which the <‘hangc is deriN(*(l are 
not in^cessarily thos(‘ of a gas. Thi.s explanation must bc^ 
looked upon as partial only ; aft«*i‘ furtlnu* in vivstigationa it 
may be mad(’ more comph^te. 

It must be distinctly understood that, although all oljs<*r- 
vations point to tin* prol>;«bility f>f .s<dids and licjuida being 
made u[» of minute particles similar to (host* constituting 
ga.se.s, there is no reason yet adduced to suppose that Avo- 
gadro’s hyp(»tlH*sis <*an be directly applied to tlmm. The wide 
differences in the bchii\iour of various solids and liquids foi- 
the saim* tem[K‘rature ami ]»ressure ehanges, would rather show 
that much wi<h‘r investigations must be made ladoia* any 
theory as to lh(‘ir structure ean lx* jiroposed. Whatever their 
structure may be, it is undoubtedly uidike that of gns<*H in 
many respects. This is shown by the searcely pf*reeptil»le 
compressibility whicli distinguishes most soliils and li<juifls 
from gases, and hy the very slight trace* of ea»liesion <*xisting 
between the j)a,rti<*les of gases. At tliesarm* time, it i^ inipra taiit 
to reinemlM-r tliat most kimis of matter* may be iiiaeh* to pass 
fr’oiij OIK* .stab* tei the otliei-s by alter-ation of temperatures, anel 
under certain ciix'umstances the* i-hange of state* may he* graelual 
and even im[rt*rceptible. 

Addiliamit ExercxHCH and QuaHtioiiH. 

1. Conne*ct a pureju*' eartlieai war ve.'».sej, such a.'» is »iHe*<l for electric 
cells, with a thick glacis tube by niemns of an inelianj]>l»e*r ce.»rk ; fill the 
tube ami vessel with c^jal-ga.**, anel place it over water or incTCury. Note 
that the ejuantity of gas inside dimiiiishes until a limit is reached. 

1 
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Prepare a similar apparatus, bat maintain an atmosphere of coal-gas 
outside the porous vessel bj the assistance of a vessel enclosing it, and 
note that a quantity of gas passes to the inside of the porous vessel. 
Write out a probable exj)lanation of your observations, and suggest 
metluKls of continuing the research. 

2. Ascertain by experiment the alteration of pressure produce<l by a 
giv(;n change of temperature in a quantity of air maintained at the 
same volume. Use a bent tula* containing mercury and connect it with 
a (iask ; bring tlie air in tlic flask to its original volume by aiusing it 
to support a lengthen(;d column of mercury. 

IJ. Make experiment s with a view to compare the pby.sical properties 
of indiarul)ber, glass, c,o[q»cr, and sealing-wax. I ndiarubber tubing, glass 
tubing or rod, and copjuT wire may be used. Pay special attention to 
elasticity, rigidity, ductility, malleability. As a result of your obsen'a- 
tions, (b'fine the properties mentioned in a more accurate and complete 
maniu'r, and suggest explanations derived from the theory that matter 
is formed of very smalt particles. 

4. Construct uj)paratus, and make observations of the amount of 
evaporat ion taking place from a liquid— water, for example —into a knowTi 
quant itv (»f air at difl'cTent temperatures. 

6. Slujw by experiment tluit equalisation of pressure in gases takes 
place ra})idly, while the proce.s.s of diffusion is comparatively very slow. 
How is this explained ? Modify the ajqxiratus of fig. 32. 

6. Find out, by weighing the solid left after evaporation, the relative 
quant itit‘s of common salt di.'^solved by water at the temperature of the 
room, and by boiling water. 

7. ProjKire crystals from powdered copjier sulphate. What bearing 
has tlu' molecular theory of matter ui>on the formation of crystals? 

8. How does the rate of e\'aponition and of solution depend upon 
(1) ralt' of diffusion and (2) temperature ? 

0. In what sense can one gas be said to act as a vacuum towards 
another ? 

10. De.'icribc methods by which the rate of diffusion of gases or 
Ihpiiils may be determined. 

11. Give a list of the chief facts which are reasonably explained by 
the molecular theory of matter. 

12. IVscrilHi the various kinds of changes which might be expected 
to take place in a system of molecules if it resemble a system of visible 
bodies. 

13. Describe some process of determining the mass of a given volume 
of water-vapour or steam. How will the presence of water- vapour in 
the air affect the hciglit of the l)arometer ? 

14. State why the surface of mercury in a glass tube is convex while 
that of water is concave. 
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15. Make the following obsenutions and give explanations in each 
case : (a) That mercury ^ill not run through a line gauxe or cambric, 
while water does so. (h) That a plate, suspended by beeswax and 
twine from the end of a bWance so that its lower surface is completely 
in contact with the surface of some water, will require a considerable 
mass to be placed in the other pan of the lialance, before it is detached 
from the surface of the water, (e) That a larger mass is rtHiuirtMl in 
the case of mercury. (</) That a large globule of oil may be obtained 
by placing it in a mixture of water and alcohol of its own density. 

16. How is evaporation distinguished from ebullition? Inscribe 
what probably takes place in each case. 

17. What evidence is there that the particle*, of a gas, litpiid, and 
even a solid, are in motion at ordinary tcinpenitures ? 

18. Find out what alterations of volume take place when a given 
quantity of water, and also of alcohol, takes increasing quantities of 
various salts into solution. 
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CHAPTER VII 

INVESTIGATION OF THE COMPOSITION OF VARIOUS KIND 
OF MATTER 

75. The Separation of a Complex Body into different kinds 
of Matter by a Difference in Degree of Solubility in Water. — 

A mixture of barium sulphate and sodium chloride which is 
apparently homogeneous is added to water in a vessel, and 
stirred or warmed for some time. The liquid is now poured 
into another vessel, and water is freely added to the solid 
which remains, without any further solution, as far as can be 
seen, taking jilace. The solid suspended in the water is col- 
lected, by filtering through porous paper, and then dried upon 
the paper in a drying chamber. The filtrate, or liquid running 
through during filtration, can be rejected, but the liquid in 
which the mixture was first stirred is now made to evaporate 
in a j)orcelain dish. A white solid will be found to remain. 
We have now two solids. One of them is readily soluble in 
water. The other is insoluble, as may lie shown by causing 
some water wliich has bet*n in conbict with it for some time 
to evajiorate upon a watch-glass. No solid remains after the 
water lias changed into vapour. The two solids may be set 
aside for future examination. The distinction so far lies 
solely in their solubility in water. Further distinctions will 
be found when they are compared under other circumstiinces. 

A mixture of ammonium oxalate and potassium bromide 
is now taken, and the whole is found to completely dissolve 
when warmed in presence of sufficient water. The solution is 
made stronger by evaporation, until some of the solid begins 
to separate out in crystals. It is now allowed to cool, and 
then the liquid is poured away from the needle-shaped crystals 
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which form. This liquid is now made to evaporate and cool, 
and the liquid again poured away from the crysUils formed. By 
repeating the process, and adding more water when necessary, 
we shall tinally obtain a number of cubic crystivls distinct in 
appearance from the others. Tlie netHlle-shapod crystals, 
being less soluble in water than the cubic ones, apjH'ar more 
readily on a fall of tompemture. 

It is difhcult to separate two kinds of inatb'r which differ 
only slightly in solubility, and the quantities actually sepa- 
rated may only be a small fraction of the quantities present ; 
but a differentiation of matter has been effet'ted. Tliis method, 
however, leads to no further differentiation of the two bodies 
already separated. With regard to solubility, all tlie parts of 
either body are alik(*. 

76. The Separation of a Complex Body into Two different 
kinds of Matter by a Difference in their Boiling-points. — A 

mixture of alcohol and water, forming a homogeneous liquid, 
is placed in a round-bottomed llask, with a lub<^ titU'd in the 
cork as shown b<‘Iow (tig. 40). This tulx* is conm'ctfsl with a 
condenser, which consists of a tube ]»{issing through a thicker 
tul>e with two openings, by iikmiiik of whicli ji slow stream of 
cold water may Ik* made to condensi* the vaj^our passing 
through the inner tulK*. The flask is warmed by placing it on 
a copper water-bath. A thermometer, fi.xed in the cork of the 
tube Mdiich is connected with the thisk, shows tlie tempcraturo 
of the vapour coming off. 

Ab the fluid gradually rises in temperature, vajiour will l>e 
perceived to come off, and collect after condenwition in u 
vessel arranged for the puq»os(;. Tlie thermometer is 
watched, and the flame regulated, so that as much as possible 
of the vapour coming off at tempf'ratures not c*xcf*eding 80'^ C. 
may be collected. When the thermompt(*r marks a tf*m- 
perature above 80®, fis it wdll wdien the liquifl of lower boiling- 
point has partly pa.sscHl over, tlie vessel ff>r receiving the dis- 
tillate is changed. When the tenip<*rature reaches nearly 100®, 
the distillate is again separately collecterl, and the distillation 
completed. Tlie first portion should now Ikj freslily distilled, 
and the yapoor coming off at temperatures l>elow 80® alone 
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collected, and the rest rejected. The last portion also is 
freshly distilled, and the vapour coming off below 99® C. is re- 
jected. If necessary, this process of fractional distillation is 
repeated until liquids of constant boiling-point are obtained. 
The boiling-points are those characteristic of alcohol and 
water respectively. A determination of their density will 
also indicate that they are different kinds of matter. 

A liquid which gave no indication of its complex constitu- 
tion has now been resolved into two different kinds of matter, 
which cannot themselves be further resolved by this process. 



The temperature of the vapour coming from the surface of 
each during ebullition does not vary, except so far as the 
pressure of the atmosphere may vary. Each liquid is, with 
regard to this operation, the same in all its parts. Each 
liquid possesses a specific boiling-point and a specific density. 
So far they are distinct and individual. 

77. Changes observed when Silver Nitrate is maintained 
at a High Temperature. — Weigh a clean dry crucible. Intro> 
duoe a smedl quantity of pure dry silver nitrate, and weigh again. 
The known quantity of silver nitrate is then gently heated by 
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placing the crucible over a Bunsen flame. The bolid litjuelies, 
and begins to give ofl' brown fumes. If the crucible be now 
removed from the flame, the change stops. It recommences 
as soon as it is agcain Wrought into contact with the body at a 
high temperature. After a time tlie observed changt* tH>a.ses, 
and, instead of the white crystalline silver nitrate, we have a 
white metal, silver. The quantity of silver is found by weigh- 
ing. In order to make sure that the action is comph*t<\ th<‘ 
whole should l>e raiseil to a somewhat higher tempeniture, and 
again weighed after ccx)ling. The quantity sliould Ik* found 
the same ; if not, the action was probably incoiupleb*. 'Plie 
process should be repeat (*d until the mass is constant. It may 
be noted that the liberated vapour difTuses into the atmo 
sphere, and it should be remembered that the Kil\(*r nitrate 
is exposed only to tlie j^ressure of tin* atmosphen* wliih* it 
decomposes. 

Another (pjantity of sifver nitrate is m>w vieiglied, ami 
similarly maintained at a high tempeniture. The quantity (d 
silver ohtaim‘d will !»<* buind to bear tlu* same ratio to the 
quantity of silv<u* nitrate used as the quantit i»'H in the previous 
experiment. Jf ftirtlier experiments are made the same 
deflnite relations will Ik* found, provided that no change but 
the one in (juestion has biM‘ii going on — ]>ro\ idejl the re 
quired experiment has been eorre«*tly perfonm-d. W e may, 
therefore, state that silver nitrate is ])ro)»ably a sub.stanee <*on- 
taining always a tixecl j)roportion of silver. I'ulliT examina- 
tion would enable us to make more exart stati*ments aiiout its 
composition. Clianges of this class are called chnn 'mil vhanipH. 

78. Changes observable when Silver lodate is maintained 
at a High Temperature — Weigh a small quantity of ymn? 
silver iod ate ’ in a weighed crucible, and gradually raise the L'ln- 
perature, and keej) it at a iJKxlenite temj»erature ur»ti] no fui*t]ier 
change takes place. This point is ascertained by cfH>ling and 
weighing several times, until it is found that the (juaiitity of 
matter remaining in the crucible is constant. 

* Potassium chlorat-c may be substituted for silver io<late, wliich is a 
costly compound. The results, however, will be less satisfactory. 
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That a colourless gas escapes during the operation may be 
proved by showing that a flame becomes much brighter when 
held over the heated substance. It is lietter to try this with 
another portion of the substance in a test-tube. The gas is 
called oxygon. 

The process should now be repeated with a different 
quantity of silver iodate. It will be found that the quantity 
remaining beans the same ratio in each case to the quantity 
taken. This will be found to hold good however many times 
the oxp(^riment is performed. C)r we may say, that the rela- 
tive (piantity of oxygen contained in the substance is fixed. 

Th(* ex}>eriment itscdf giv(is no indication of the relation 
existing l)etw(Hni th(‘ solid left in the crucible and the gas 
which has escaped. It remains to be shown that they are 
associated in a Kpf*cial manner, for which the term ‘chemical 
combination’ is used. The proc(‘|s described is spoken of as 
one of ‘chemical decomi)osition.’ It will afterwards be shown 
*iow such an association of dillerent kinds of matter differs 
from a mere mixture or a solution. 

W(* art‘ chiefly concerned at pre.s<*nt in noting that some 
substances cannot lx* rais<*d in t<*m}H‘rature beyoml a cert>ain 
limit without undergoing decomjiosition. It may lx* observed 
that the decomj>osition of silver iodati* takes place at a lower 
temperature than that of silver nitrate* ; but in each ca.se the 
tt'mperatures are too high for direct measurement with a 
thermomett*r. AVe may describe tlH*se facts by saying that 
these two kinds of matter do not exist as such above certain 
temperatures. The saim* may be siiid of many other kinds of 
matter. 

79. Modification produced when Silver Nitrate is heated 
within a Closed Tube. This experiment should not be per- 
formed by students themsehes, but the results are of sufficient 
importance to require that it should be shown to them. 

A piece of thick hanl glass tubing is drawn out by lieating 
in the blow -pi jx* flame so as to close one end. A small 
quantity of silver nitnite is introiluced, and the tube draw'n 
out again so as to form a closcxl tube of three or four inches 
containing the silver nitrate (fig. 41). The glass should be 
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heated gradually, and allowed to cool gradually, lest it ho 
weakened in the process. 

The tube is then placed over a small Hunsen flame, and 
shielded to ensure satety from possible danger of the i ul>e hi*eak- 
ing. The enclosed solid liqueties as iH'fore, and comm(»nces 
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afU^r a time to giv(‘ oil’ a dark-red vapour, which tills th<' tube. 
It may remain for some time at a tem])erature mm“h higher 
than that at which it is compk'tely decompoK(*d, when the 
vapour escaped into the air. The tlnnu' is remov(‘d and the 
tube allowed to cool. The vapour will lx* noticed to apparent ly 
diminish in ([uant if y from the colour hiM-oming much lighter. 
On bn*aking the tills*, a small <piantity only of vapour escapes ; 
and an e.Kamination of t he solid in tin* lube shows very little 
trace of silver. If the soli<l is again placed in the tlame, with 
free outlet, the d(‘comjM»sition rapidly ]>roceeds, and silver is 
readily obtained. Similar results may be (»l)taine<l l>y using 
other substances, and we learn that (‘hmiiical chang«'s do not 
depend on tmnja-ratun* alone. The precise alteration produced 
by this change of conditions has m»t lH*en shown by this ex 
periment, which merely indicaU*s the nec(*ssity of studying 
every a.spect of the system undergoing change. In the first 
case tlie vapour contained in the silver nitrate was free to difluse 
away into tin* air ; in the second ca,se it was confined to a 
small .space, unable to (‘.scape, although undoubt«ally ex«*r(using, 
together with the air, so great a pressure ui>on tin* insider of 
the tulK‘ as to make it liable to burst. Th(i results have Ixxui 
very diff(‘r(*nt. Further investigations would Iw reipiired to 
show the exact natures and extent of the modifications of 
which this is an illustnition. 

5, An important observatiem, re.sfrmhling the, one just describ(*d, 
aiay l>e made by placing soin<‘ zinc, magn(‘Hium, or similar 
body in a specially thick tutxj to which a good cork has l»0(!n 
carefully fitted. Dilute acid is added, and the cork replaced so 
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that no gas escapes. The evolution of gas will cease after a 
time, but will continue again if the cork is removed. The 
presence of a relatively large quantity of the gas in the con- 
fined space evidently prevents further action. It is advisable 
not to cork the tube when the action is very rapid, and to watch 
the tube, when corked, from some distance. 

80. Decomposition takes place when Silver Nitrate, or 
Similar Bodies, either Liquefied or in Solution, forms part of 
an Electric Circuit. — Some silver nitrate is dissolved in pure 
water, and, when placed in a suitable vessel, made to form part 
of an electric circuit. Connection with the circuit is made by 

bino.no 8CI1EW4 hanging in the solution 
^ P two copperplates, of which 
the weights have been 
taken, and attaching them, 
as shown (fig. 42), to the 
wires leading to the cells, 
by means of hooks and 
binding-screws fixed in a 
wooden support. Plates 
are used in order that the 
portion of the solution 
added to the circuit may 
have a large sectional area. 
It has been shown that conductors of small sectional area 
diminish the stress of the circuit. 

Aft(^r a few minutes it will be found that one of the copper 
plates has become coated with a white metal, which is evidently 
silver. On carefully drying and weighing this plate it will be 
found heavier. 

Some silver nitrate is raised in temperature so as to liquefy 
without being decomposed, and then connected with the circuit 
by two wires dipping into it. After a short time a bead of 
sih er will be found at the end of one of the wires. If solid 
silver nitrate is used no decomposition takes place. The 
liquid condition is essential to electric decomposition or electro- 
lysis, If a solution of copper sulphate is substituted for that 
of silver nitrate in the first experiment, a similar change will be 
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observed ; one of the copper plates will become heavier by 
deposition upon it of copper. The other plate, Iiowevor, will 
be found to be correspondingly lighter. We are thus led to 
investigate the other plate used in the case of silver nitrate*. 
This will be found lighter, but not corn'spondingly lighter. 

In order to obtain accurate results the quantities nieasuml 
should be as large as possible. This may be efrectt^<l by in- 
creasing the nunilKir of cells, or allowing tlie change to proceed 
for a longer time. 

It will be noticed that the change in (jue.stion appt'ars to 
take place at the places of contact lKdwet*n tin* solution and 
the rest of the circuit. It is, however, ditlicult to undt*rstand 
how these regions can be alone aflecied, for wt* have no reason 
to suppose any one port ion of the liquid lM^tw(*en the* plates to 
differ from another with regard to its electric condition. Tliere 
is apparently, therefore, an internal change* K(‘t up through 
out the liquid which is in the circuit., but this (rhange is only 
manifested at the places where it starts and ends. Tlie result 
is as if the particles of the solid in solution had be<‘n decom- 
posed, and the products dir(*cted c»r arranged in a spf'cial 
manner. That the copper added to the ht»avier plaU; is derived 
evidently from the solution, and not, as might ap|K*ar, from the 
plate which has lost matt<*r, may be proved by using platinum 
or silver plates insteiwl of copp«T. The de{>osition of copper 
proceeds in much the same manner as before. 

81. The Quantity of a given kind of Matter, liberated under 
the same Electric Conditions, is independent of the kind of 
Matter associated with it ; while the Quantities of Different 
kinds of Matter, liberated under the same Electric Condi- 
tions, have a fixed Invariable Ba.tio to one another. Solu- 
tions of copper sulphate, coppc;r nitrates, and silver nitrate arti 
placed in an electric circuit. Clean cop|Hfr plati^s are us«*d as 
before for making connections, except with the silver nitrate; 
solution, into which silver platens dip. liach of the platfis is 
carefully weighed and marked. It is convenient to use in 
these experiments a key, by which the circuit can lx; closed 
or opened at will. While the neccjssary connections are 
being made it remains open. We may then submit the three 
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solutions to the same conditions for any length of time. The 
plates are then detached, dried, and weighed. It will be 
found : ^ 

1. That one of the plates in each solution has increased 
in mass, while the other has decreased to the same extent. 
The one which increases has always the same relative position 
in the circuit. 

2. That the quantity of copper so acted upon is the same 
in tlje solutions of copper sulphate and copper nitrate. 

3. That the quantity of silver affected differs from that of 
copper, and bears to it the ratio of lOS to 31 ’r). A repetition 
of the experiment will show that the relation between the 
(juan titles of silver and co)>per is maintained. By including 
other solutions in tin* circuit, the relative quantities of other 
substances liberated may be obtained. 

The gain in the mass of one plate, coiriciding with an 
ecjui valent loss from the otluT, would indicate tliat there is a 
transference of material from one plate to the other. By sub- 
stituting j»Iatinuni plates, however, it may be shown that this 
is not so ; for tlum an increase alone takes place, the other 
plate not diminishing in mass. It is probalde, therefore, that 
th(! loss of material from one of the plates is a secondary 
change, dm* to tin* solvent action of the alten^d liquid upon it. 
It becomes a matter of further investigation why the quan- 
tities should ill this case In' e<|ua!. The explanation will be 
found to lie in the mutual relations of the constituents of the 
substance decomposed. 

It may be noticed liere that tlie electric circuit gives an 
opportunity of sidnnitting several bodies simultaneously to 
exactly the same conditions relatively to electric stress. 
Whatever variation there may be in various portions of the 
circuit, and liowever varied may l>e the changes going on, 
there is the same electric stress throughout. 

82. Decomposition of a Body by Close Contact with 
another Body. — Formation of new kinds of Matter when 
Two Bodies react Chemically. — A piece of zinc is added to 
some dilute hydrogen sulphate. It dissolves, while bubbles of 
gas come off, and the temperature of the liquid rises. If the 
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change is one of ordinary solution, the zinc may be recovered 
by causing the liquid to evaporate. This is now done, but 
instead of zinc we obtain a white crystalline body. By using 
a double- necked vessel, fitted with a thistle tube, for 
adding the hydrogen sulphate after the zinc has been placed 
in the bottle, and a delivery tube, a quantity of the gas may 
be prepared and collected over water. It will be found a 
very light and inflammable gas. By substituting a narrowed 
tube for the delivery tube, and taking every precaution that 
the issuing gas is not mixed with air, it may be made to burn 
with a steady blue flame. A cold clean glass v^essel held over 
the flame will become moist, as if steam had con don sod upon 
its surface. The gas is called liydrogtm. \Vh‘ Ji/ivr' there- 
fore obtain(‘d, by the interaction of zinc and hydrogf’ii sul- 
phate, two new kinds of matter. 

The rise of b‘mp(‘raturt‘ which coincides with the above* 
changes cannot yet be <*\]>laiiied. Some delinitc* thermal 
change will always U* ol)si‘rve(l when a cli(*mi(‘al chai»ge tak(*s 
place. Besides this, however, there are other <*o!i(lit ions, wliich 
are nev(‘r absent from tJiis kind of ( hange. 

Definite <{uantiti(*s ordy of the reacting bodies an* <*on 
cerned in the change. In a case of ordinaiy solution tliere 
may be more or less r»f a .solid disM)l\<*d, provided a certain 
maximum <juantity be not cxc(*eded ; but there is rto such 
variety possible in this case. If a large quantity of zinc is 
added t(» a .small rpianlity of hydrogen .-.idpliate, mf»st of the 
zinc will be unchanged. It maybe n*c<n<*n;d and jrroved to be 
unaltered. Sum<*, howev<*r, has reacted with tin* !i(juir|, as may 
Ije shown by cNaporatioii. On tin* other hand, if excess of 
hydrogen sulphate is used, unchanged Jiydrrjgen sulphate will 
lx? found after the action is complet<*d. Thi> may be proved 
by using the distillation apparatus, ar»d showing that the 
distillate retains its power of changing the (colour of litnruS' 
a power whicli entirely disappears when excess of zinc is 
used. 

It will be noticed that in thi.s and in nearly every similar 
case of chemical change, one or more of the reacting Ix^dies 
must be iu the liquid or gaseous state. It might lx; supposed 
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from this fact that a peculiar closeness of contact is necessary 
before chemical change can occur ; a supposition which is 
strengthened by all chemical research, and especially by the fact 
that solids, which may exist without change side by side, even 
when finely divided, for any length of time, may be induced 
by great pressure to combine chemically. 

83. Chemical Combination idways takes place between 
Definite ftnantities; consequently each Elementary Substance 
has a Specific Value in Chemical Exohang6.-~The element 
magnesium, when placed in a solution of silver nitrate, is dis- 
solved, and at the same time the element silver is precipitated. 
If a known quantity of magnesium is added to silver nitrate, 
sufficient in (|uantity to completely dissolve it, the quantity 
of silver precipitated will always Ihj found to have the same 
ratio to the quantity of magnesium taken. 

In the same way the element iron is dissolved by a 
solution of copper sulphate, while the element copper is 
simultaneously precipitated. For the same quantity of iron 
dissolved, the same quantity of copper is always precipitated. 

Similar observations may be made with other substances, 
and it will be always found that definite invariable quantities 
of various elements are, in cases of chemical action, equivalent 
to one another. The relation existing between the quantities 
taking part in the same chemical change never varies. A 
given compound is always formed of the same constituents 
united in the same relative (juantities, whatever may have 
been the conditions under which it was formed. 

Weigh a porcelain crucible, and add some pure magnesium 
in small pieces of ribbon, and weigh again. Add to the 
known quantity of magnesium in the crucible a quantity of 
silver nitrate solution, sufficient to react completely with the 
quantity of magnesium present. Preliminary experiments 
will have indicatetl the quantity needed. Constant stirring wdth 
a short glass rod is advisable. The temperature of the solution 
will be noticed to rise during the reaction. After the mag- 
nesium has disappeared the solution is gently heated. The 
silver, which has been precipitated, is separated from the 
excess of silver nitrate by decanting through a filter and 
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repeating tlie process, after the addition of water, a suflicient 
number of times. The silver is thus washed, and if time be 
allowed for settling before each decantation, none ncnnl pass to 
the filter paper. If it does, it may bt* made to return to the 
crucible by a stream of water, or by burning the dritnl pipt^r 
over the crucible. The silver in the crueibh* is now carefully 
drieil, and finally niised to u rt‘d heat ; it is then coohnl and 
weighed. 

In much the same way tlm e<jui valent tpian titles of iron 
and copper are determined. A small ((uantity (»f [)un* iron 
wire is weighed in a jwcelain crucibh* t»f known mass. Add 
to this a warm solution of copper 8ulphat4\ Aft(‘r they have 
been in contact for some time, break uj) the copjK*r with a 
glass rod, so that any unchanged portion of the iron may come 
in contact with the solution, and then warm gei»tly. The 
copper which is formed is w’ash<*d by the addition of water 
and frequent decantation. It is then dried carefully ovi»r a 
water-bath, <is it undergoes change wh«‘n raised to a high tem- 
perature in the air. The crucible is th(‘n dricnl and weighed, 
84. The Eelative Quantities of Chemically Beaoting 
Matter.— Equal Quantities of Magnesium and Aluminium 
set free from Hydrogen Sulphate different Volumes of Gas 
at the same Temperature and Pressure ; but there is a Con- 
stant Eatio between these Volumes, and this Eatio is main- 
tained when the Gas is liberated from Hydrogen Chloride. 
A small quantity of magnesium is wcigh(‘d, and a mass of 
aluminium is made equal toil. Two graduaU^d tulxware lilUnl 
with waU*r, and supported in a vesHid of water. The e<jual 
quantities of the two metals are placed at the bottom of the 
vessel, directly under the tulxts, which are, th*;ii brought v<;ry 
near to the liottom of the vessel. Hydrogen sulphate is now 
added, and by diffusion through the water it reaches the 
metals. Gas is obsc^rved to be liberated. If the quantity is 
too great to Ixj collected in the tubi*s, smaller quantities of the 
magnesium and aluminium will need to Ixj taken. Before 
measuring the relative volumes of the gas, it is necessary that 
they should be in exactly the same condition. They will Vje 
in the same condition with regard to temperatures, and will 
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consequently contain the same amount of water or hydrogen 
sulphate vapour ; but they are evidently not in the same con- 
dition with regard to pressure. To reniedy this the tubes 
should be raised or lowered, in another vessel if necessary, 
until the gas is in each case counterbalancing the pressure of 
the atinosjdien*. 

If the [)n^ssur(! of the atmosphere be now re^id from the 
baromet(^r, and the tem)>erature lx* taken, the volumes of the 
gas, now found to correspond with the known (juantities of the 
metals, may be subs<*(juently utilised. So far, w(‘ are only con- 
cerned with the difference which is .shown in the extent of 
the action of ditlerent kinds of mattei* u]>on hydrogen sul- 
phate. Wlnm other e(|ual <juanlities are taken, the sanu* ratio 
is maintaim*d in the volumes of gas liberat<‘d. 

The gas which is set fret* in each 
of the tubes may lx‘ shown to be in- 
tlammable. That it is the siime gas 
w<* hav<* not y(*t proved, although a 
littl{‘ research would 1 m‘ sutticient to 
prove this. 



Fix. 43. 


The same operation may Ik* carried 
out with the .substitution of hydrt>gen 



chloride for hydrogen sulphate, and the same observations 
may be made. The mtio which is observed in one reaction 
is maintained in another. 
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We have now observed another example of ch'oomposition 
taking place through contact with another kind of matt(*r. 
Both hydrogen sulpjiate and hydrogen chloride have Iummi 
decomposed by contact with magiu‘siuin and also by contact 
with aluminium. 

That different (|uantities as well asditha-tmt volumes of the 
gas are set fret* may lu* prov(*d by U'>ing the ap]>a)'atus illus 
t rated (tig. 44). A known <|iiantity of the metal is placetl in 
the tulx* A, while the tube n contains tin* li(|uid. Tin* whole 
is then weighed by suspending it with thin win* fiom tin* hook 
of the pan. Air is now gently blown from bellows into n, so 
that a portion of the li(jui<l passes o\(‘r into a, w’hereu}>on gas 
escapes through the li<piid in n. When tin* change is complete, 
weigh again. The apparatus shouhl l)e const rmt e<l of tin* 
light-<*st material, or the loss will In* a vtuy minute fraction of 
the whole ([uantity, and the (‘orks must lit ])(‘rf(‘<l ly air tight 
and, for saf(‘ty, be coated with parallin. It must not lu* for 
gotten that in this ease, and in all simil.n* cases, aceoiuit is 
taken of the gas wliieh r(‘niains dissolvc<l in the liijiiid. Some 
gases might be dissolved in large ijuanlily. Also we im* 
dependent on the purity of tb(^ bodies used. 

85. The Relative Quantities of Chemically Reacting 
Matter. The Relative Quantities of Silver Nitrate and Sodium 
Chloride chemically reacting always the same. A known 
quantity of pure dry sodium chloride is diss(>lv(*d in a known 
quantity of w'uter ; a known <|uaiitity of purt* silver niti-ate is 
likewise dis.solved in a known quantity c»f water, tlrafluated 
A’essels are used for the purj)ose. A ktiown fraction, which 
should be small, of the silver nitrate solution is {»laced in a 
beaker; and a graduated bur<*tte is filled w’ith some of the 
sodium chloride. The sodium cldoridi? is then adth-d gradually, 
until the wdiite precipitate which is at first givcm ccascs to 
appear. In order to know wdien this .stage is reaehed, great 
care is needed. The liquid is boiled aial stirred for* souk* time. 
On account of this, the preeijutate collects together and sinks to 
the lK>ttom ; and any further precipitate is readily seen in tin; 
clear liquid above. By making several f)reliijiiiiary experi- 
ments, the approximate quantity of sodium chloride solution 
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required to give the maximum quantity of precipitate is ascer- 
tained. Wc ouglit, in fact, to proceed so as to obtain at each 
Operation narrower limits. Care is needed in reading the 
hoiglit of the, column of the solution which is in the burette. 

It will be found that ecjual quantities of the silver nitrate 
solution recpiire e((ual (juantities of the sodium chloride solution. 
Measurements must l)e made accurately, and under the same 
conditions. Eijual (quantities of the same solution, liowever, 
contain equal (juantities of tlie dissolved substance, as has 
been sliown by observations of diffusion. 

Ill addition to this proof of the equality of the reacting 
quantities, we have an indirect one in the fact that the 
quantities of precipitate are exactly e(jual when equal quanti- 
ties of solution nre used. The prt^eijutates given in two of 
the jwevious operations are S(‘{>arated, by filtration through 
papers (ff which the weights liave lK*en taken after drying ; 
w'aslunl w ith water, to remove from them any other kind of 
matter , and then thoroughly dried. The quantities tlius 
measured will b(* found to be e(jual. It is easy to calculate, 
from tlie metliod adopted, the relative (quantities of silver 
nitrate and sodium chloride which r(*aet with one another. 

It lias been taken for grant<Hl in this operati(3n that the 
precipitate yielded by the reacting bodies is insoluble in 
water. This may be shown to be ti'ue in the manner pre- 
viously described. It has also been taken for granted that 
the cessation of the precipitation marks the end of the chemi- 
cal change in question ; or, in other words, that the addition of 
further quantities of th(‘ one or the other reagent is followed 
by no further cliange. It is present, as any other inert body 
might Im', in an unaltercHl condition. This may be proved 
by those processes of fractional distillation and solidification 
which have been already described, or by further chemical 
investigations. 

86. Some Conditions of Chemical Change.— Two kinds of 
CDmplexity of Matter. — We have learnt that a complex Ixuly 
may be s(*parated into parts by making use of any difference 
in the physical properties of these parts. For example, a 
difference of solubility in water allow^s us to separate a more 
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soluble body from one less soluble, oven when they are so 
associated as to be indistinjxuishablo in other ways. In a simi- 
lar manner, a substaiyL'o may be shown to contain more than 
one kind of matter by reason of its jiarts havinii: dilfen^nt 
boiling-points. Inve.stigation must take many din‘ctions 
before we are .satistied tliat a given sul)stanee is homogeneous 
and individual. We have learnt also that a body may t*xhibit 
another kind of coni}>l(‘xity ; ftu* a body which cannot b(» 
re.solved into dissimilar parts by some ]>rocesses may yc't yield 
to others. Foi* example, a body, ]>erfectly homog(Mu*ous in 
some respects, may be decomposed when raised sulliciently in 
temperature, or when forming juirt of an eha-tric circuit, or 
when placed in contact w'ith other substances. Such bodies 
are called ‘ chemical comptuinds,' and ar(‘ tlistingui.shed from 
otlmr complex bcKlies by the fact that tlie same body conbiins 
always the same rehitive quantity of (‘acli compommt. When 
the proc(*ss of analy.sis has bc‘en carri<‘d to its(‘xtrem(‘ limit, and 
when specimens of matter from all ]>ortions of the earth’s 
surfjice have be<m .subjected to the te.st, it lias been found, so 
far, that thtfre are over seventy ditlerent kinds of matter wliich 
resist further decomposition. The.se are called ‘(‘lements ’ ; and 
their difl'enuit modes of c‘oud)ination with one anolluT give* 
rise to that great vaiiety whic*h the surface* of the <*arth 
pres<*nt.s to our .sen.se.s. It must !»<• nauembered, liowev<*r, that 
fresh invc.stigations are always leading to new knowledge*, and 
the future may .show' that there are more e*lements ; while, on 
the* oth(*r hand, it may .show that then* an* fewer, by proving 
that our elements are n*ally compounds of a smaller group of 
more elementary sub.stances. It must also be remembered 
that the distinction betw een chemical comf»ound,s and ordinary 
mixtures is one which inu.st not lie adher(*fl to w ithout dis 
cretion. Although very .serviceable* in jrreliminary classili<.*a- 
tion, it w'ill have to give w'ay when w'e come to investigate a 
large number of bodi<*s W'hich Inilong partly to one class and 
partly to the other. The nature of alloys, tla^ consi<lerable 
change of proj»erty in large ma.s.ses prrKluced by slight admix- 
tures, the nature of many v«*getable and animal products, all 
seem to show that there are relationsliips b<,*tween different 
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kinds of matter which cannot be exactly included in either 
class, and that our theories of elements and chemical combina- 
tion may Tie(*d modification. ^ 
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87. Measurement of the Mass of a Litre of Air.— A round- 
bottomed flask, of about half a litre capacity, has a caoutchouc 
cork carefully fitted, and its position inarkod on the neck of 
the flask. This cork^s provkh*<l with a short ♦'lass tulx', pas.s 
in^ just to the bottom of the cork, and continued abox e in a 
.short caoutchouc tube on which is fixed a clip. Tin* capacity 
of the flask to the mark, together with that of the short tube, 
is taken by measuring in a graduated ve.ssel tln‘ water winch 
fills them. A small cjuantify of water is tluMi j>oure<l into the 
flask, and tin* cork carefully fitted to the mark : the clip is 
ojHUied, and tin* water carefully boiled for a few minutes, unt il 
the steam forim*d lias swept out all the air. 'riu* clip is closed, 
and the flame simultaneously nanoved. Tin* flask with water, 
tt*c., is now weighed. Then the clip is ojiened, and the flask 
allowed to cool to the teinjKTature of the room, and thmi again 
weighed. The increase of weight shows tin* ma.ss of air enter 
ing. The volinne of air entering is given by subtracting (he 
volume of w-ater still remaining in the flask from (In* total 
volume originally ascertained. 

TIi(‘ mass of a given \olunie of air may aUd be measured l»y 
tiu* following process : — A nnind bottomed flask, fiffisl as in 
the ju'ex ious determination, is wiighed together with the air it 
contains. It is Ukmi e\haust<*d as completely as po.ssihle by an 
air-])ump, filtcT-pump, or tin*- month, the clip closed, and the 
inas^ again taken, 'i'he mass now' found lepicsents the llask 
and a .small remnant of air. lly f>pening the clip under water, 
allow’ing the wat(‘r to enter, adjusting the water level inside 
to that outside, and closing tlie clij», the volume (if the ex- 
]iaust(*d air is ea.sily determined. 

Neither of the aboxe determinations, h(ixvev(*r, do iimw 
than gix'o the ma.ss of a certain vcilume r»f air, at a emtain 
temperature and j)re.ssure, mixed w'ith more or h?ss water- 
vapour. The demsity <»f the air varie.s with temperature and 
pressure in a manner w liich has been sliown. 'I'be tliermo 
meter and barometer readings xvill indicate tin* correctifins to 
l>e made. The (|uantity of water- vapour present has laren 
show’ll to depend u[ion the temperature, lly consulting the table 
onpagellO, the propfirtion (jf wati^r- vapour prewnit at the time 
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must lit t!i(‘ 
[111. TIk* tuLc 


of observation may lie found. A litre contains 1,000 cubic centi- 
metres. All the necessary data are now ready for calculation. 

88. The Measurement of the Quantity of Oxygen evolved 
by heating a given Quantity of Silver lodate, and also of the 
Density of Oxygen.— A weighed (juantity of silver iodate is 
heatcid in a small tube a of liard glass, connected with a 

vessel as shown below. As the 
oxygen is evolved, it displaces 
from the vessel « a correspond- 
ing volume of water, which is 
collected in a gi-aduated vessel c. 
Th(‘ loss of matter from a, when 
the change is complete, gives 
the (juantity of oxygen pre- 
viriusly contained, and also the 
w(‘ight of o.xygen contained 
in a ni(‘asural)l(^ volume. 
tulK's ami v(‘ssels so as to be 
must be gradually raised in ti*m- 
perature by a JUnisen tlame, allowed to remain at a moderate 
tcMiiperature for soim‘ minutes, and then allf>wed to cool to the 
temp(‘rature of the r(»om. The \vat(‘r in the gradiiat(‘d V(‘.ssel 
is brought to the same Iev<*l as th.it in the asjurator. We know 
then that the j>ressure within the aj>paratiis is the same as that of 
the atmosphere, which may be ascertaiiu‘d from the barometer, 
'rin* voliinu' of wat(*r in tlio graduaU^d ^'e.s.sel will equal the 
volume of gas given otl' from A. Its temperature and pressure 
arc known, and tin*, quantity of water- vapour which will be 
mixed w’ith it at the observed temperature is given in the table 
on page 110. The loss of matter found from weighing A will lie 
equal to the quantity of mat t<*r contained in this volunn*of gas, 
and hence the density may be found. 

The density may also be measurecl by means of the atmo- 
spheric prt'ssun* foi’cing back the oxygen from the vessel B 
into a vacuous tlask which has been put in the place of A. 
From this tlask all the air has been expelled by steam, as 
described in the previous experiment, and it has been accu- 
rately weightxl. It is connected with the vessel B, and the 
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clip slowly opened. At the sjime time the vessel c is raised, 
so that the water in it may he at the same level as that in the 
aspirator. We have now the llask tilled with oxygen and 
water-vapour, at a ju^'ssiire of the atmospliertMvhieh is read by 
the Iwirometer, and at a temperature whieh is iiuule to Ui^ree 
with that of the room. The proportion of water- vapour for 
this tem]>emture is a.scerL*uned ; the llask is a^^iiin wi'i^hed. 
The increase of mass represents a e<*rtain \oluine of oxvi^en, 
which is found by subtracting tlie volunu' of water from tin* 
whole volume of tin* llask, and makin;^ allowance for the 
water-vapour pres(‘nt. The density lhu‘^ found should a^ree 
with that found by the for»n(*r calculations 

It may be noted that inaccuracy will be caus!*d by the 
small (jiiantity of air whi<*h is in the tula* a 
and the connecting tube at the coinnn*nce 
ment of tin* op<*ralion. For this reason 
they should be as small as possible. 

89. Analysis of Air by means of Phos- 
phorus. — A Ion;' graduated tubi*, with a 
tap and nozzle at (»ne eml, is held upri;'ht, 
with its open eml nmh‘r the le\el of water in 
a vessel. An in\ert<*d burcMe .inswers the 
purjiose (li;j. lb.; 'Die lowl of the water 
inside is made to a;'re«* with that <mtside the 
tube, and then accurately read. A piece of 
phos)>horus, attache<l to the end of a c-oijjjei* 
wire, is th(*n puslied up about lialf way 
inside the tulw. The pliosjdiorus is allowed 
to remain as Ion;; as the wniti'r rises w it h in 
the tulie — an action which will continue for 
a day or more. It is then reim>\e<l. The 
pressure within the tube is a|;ain adjusted to 
that of the atmosj>here, and the volume of 
gas remairdng is ascertained. Tliis sjaiee 
will l»e filled by that portion of the air 
which is not acted upon by phosp)if>rus ami by water vapour, 
the proportion of which may be a.scertainefl from tin* tabh- on 
page 110. 
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The nature of the residual gas remains to be proved. It is 
called nitrogen. The gas which has been removed is oxygen, 
as rnfiy be proved afterwards. The density of the residual gas 
may be found by the methcxl previously used. A weighed 
tlask, containing only a small quantity of water, and of suit- 
able cajHicity for the burette, is connected with the nozzle. 
The tap is turned, and then the clip slowly opened. The 
nitrogen will enter the flask. The calculations, correcting for 
teni[)(*i-ature, pressure, and water-vapour, are the same as 
befoie. 

The density of nitrogen now being known, as well as that 
of oxyg<‘n, it is easy to calculate what would be the density 
of a mixture of these gases in the proportion by volume 
observ(‘d for air. Tin* result of this calculation should 
be conii)ared with the fdiserved density of air. They sliould 
be found to agrei*, and alFord a reason for su}>posing the air 
to be a mixture of cixygen and nitrogen. We have no 
reason, how(*v<*r, for supp{>sing that this is the exact truth. 
These experiments cannot be expected to yield anything more 
than apj>ro\inmte results. Far more <lelicate investigations 
are ne(‘ded to ]>rove the exact comiK>sition of air. As far 
as W(‘ know, th(*re may be still some furthei- dillerentiation 
]>ossible, althougli the pri4M>rtion in wliich otlicr substances 
may bi» prt\sent must be small, as is indicated by the close 
agreement of the calculated density with that which has l)(*en 
(>bM'rv(Hl. 

90. Some Eflfects of the Atmosphere. Tin* earth is com- 
j>h‘t(*ly enveloped hy tin* atmospln*re. The atmosphere or air 
is therefon^ ]>resent during all natural changes taking place 
on the surface of the earth ; and in many of them it is an 
essential agent. 

0-xygen is withdrawn from the air, and combines with 
other matter, in many frequent changes. This combination 
may take place gradually, as in the ease of pjiospliorus, ^Jiich 
has already descrilHHl, or rapidly, as wheii combustible 

matter burns. Those complex changes which constitute 
growth and deeiiy can only go on in the air. They are con- 
ditional on its composition, i.c. the composition of the air 
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determines wliat the changes shall he. The changes chiefly 
associated with the life of animals are those in which oxygen, 
after diffusing into the blood through the lungs, foi-ms, with 
a portion of the Mood, a chemical compound, which tlien 
diffuses outwards. Inspired air differs from that which is 
expired, as may be sliown by the use of a solution of calcium 
oxide. 

In addition to tin* influence of tlu‘ atmosphere in this 
direction, it lias an iiiijiortaiit bearing upon all fh(M‘mal 
changes in lielping to bring about tlnwinal e(|uilibrium. 
Whenever a change in tin* temperature of a l»ody is |>roduced 
by any other change, tliere is soon a n‘storatlon «)f tluMMiial 
(Mjuilibriuni between it ami neighbouring l>odi<*s. In this 
process th(‘ air is very active. I»y spi'cial aj)plianct‘s it may 
Ik» r(*tarded soinetinies. 

Wt* may add to this the very important function of the 
atmosphere in bearing away gaseous products from a region 
of ch(Mni(‘a] change, "J’he nature, as well as tin* extent, of 
many cliemi(‘al changes are determined by tin* dissipation of 
some of the pi'oducts of tbe ch.inge, iJy this means an action 
may be extended, or e\"n changed in character : but prolsibly 
the latter result is likewise <luet(» thermal e«juilibrium rajiidly 
oci'urring aumng g.ascams p.irt icles. W lien a chemical change 
takes jilaee under altered jire>^'>ure, we need to consider how- 
far it is likely to be afle< (ed by such lomlitioiis as tlio.se gi\en 
abo^ e 

Wat<‘r-vapf>ur, vsliich is always necessarily jue.sent in (he 
air, is un<loubt<‘dly acli\e in many natural changes. It has 
lK,*en shown that in flry air fewer substances burn than in 
moist air. ExjK*riment.s, liowever, are difliciilt in this direc- 
tion ; but the value of our present results is not ditninished 
so long as wx* remember that all the substam'es present in a 
givtui change sliould U* re<r<»rded, even when they appear 
insignificant. Jt is of jiriiiiary imjiortance that we should 
bring all these considerations of pressure, mass, lemperatun*, 
and diflTusion, togetlier with others, to bear u]K>n the invc;sti- 
gation of all changes, even tho.st? which ap[)ear, or have been 
regarded as, simple. 
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91. Changes observable when the Temperature of Copper 
Oxide is raised in a Current of Hydrogen or Coal-gas.— 

Heat some brijrlit copper filings, in an open vessel, to a high 
temperature, and they become dark-coloUred. This change, 
however, is likely to be incomplete, the dark-coloured sub- 
stance coating some still unchanged copper. Chemical changes 
in which solids are engaged are, from the nature of solid 
matter, unlikely to be extended to the whole of the matter, 
unless the products of the change are removed from tlu^ region 
of chemical activity by means of the process of diffusion. 

This substance may, however, be prepared otherwise than 
by raising the temperature of copper in the presence of 
oxygen. Place some of this pure prepared coj>per oxide in 
a tube of hard glass, which is closed at one end, and has l)een 
carefully weighed. Dry the tub(‘ and oxide by slightly heating 
them, so that the water condensed on th(‘ir surface may be 
gasified ; then place the tub(‘ in a vessel of which the air is 
kept free from water* vapour by sti-ong hydrogen sulphate, 
which absorbs all the wat<*r in its neighbourhood, and allow 
it to cool. Such an arrang(*ment i« called a desiccator, and 
may be mad(‘ by placing a shallow vessi'l of hydrogen sulphate 
on ground glass, and covering with a bell-jar with ground 
edges. The object to be kept dry should be su})j)orted over 
the hydrogen sulphat(‘. The tube is tlien carefully weighed, 
supported slantingly, and kept filled with coal-gas by means 
of a caoutchouc tube which is connected at one end with the 
gas supply or a supply of hydrogen, and at the other with a 
gla.ss tube of which the end has been drawn out. This tube 
passes through a cork, whicli is very loosely fitt<»d in the tul)e 
containing the copper oxide. By this means the air may be 
excluded from the tulx; while it is being heated by a Bunsen 
fiame. It has been shown that coj)per at a higli tem|)erature 
unites witli the oxygen of the air. Copper oxide itself is 
therefore unlikely to be changed w hen heated in the air, and 
this is easily demonstrated. But now that hydrogen (or its 
substitute, coal-gas), instead of air, is in contact with the 
oxide, a change is soon visible. A vapour condenses at the 
top of the tube, and finally disappears as the heating continues. 
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The flame is now removed, and the tube and contents cooleci, 
while the air is still excluded. Copper will now lie seen in 
the place of tlie copper oxide. It is attain slightly wanned, 
and at once placecf in the desiccator to cool, and aft-i'rwards 
weighed. W e have now all the data which are netuled for 
determining the quantity of copper in a known (piantity of 
copper oxide. 

It is evident that we are as.suining in this experiment 



l>oth the jmrity of the copper oxide an<l tin* iflentity of the 
red sub.stancf* with cf>f>per. 

92. Copper Oxide is caused to yield up its Oxygen when 
it is raised in Temperature and a Stream of Hydrogen is 
passed over it. The Hydrogen and Oxygen under these Con- 
ditions combine chemically and form Water. The Water 
is Collected and Weighed. — In tlic previous experiment 
attention was only directed to the (juantity of copper con- 
tained in a given quantity of coppfir oxide. In the following 
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experiment we trace tlie course of the oxygen leaving the 
copper, and learn the relative quantities of oxygen and hydro- 
gen which unite under tliese circumstances and form water. In 
order to do this it is necessary to colled and weigh all the 
water which is formed, and measure the loss of weight sus- 
tained hy the copper oxide. This is carried on in the following 
experiment : — 

A tube A of hard glass is partly filled with copper oxide, 
and connected at one end with the supply of hydrogen B and 
and at the other with the tub(‘ i) which collects the water 
formed. Hefoi'e making the connection, the tube containing 
tlie copper oxide is dried (carefully and weighed, and the tube 
D, which is hlled witli calcium chloride or phosphorus 



pi*nto\ide, is alhu \vi*igla*tl. Tlie ends of tin* tube are tempo- 
rarily clos(*(l, so that it does not abstract water vapour from 
the air, during and after the ojieration of weighing. After 
connecting together the parts of the apparatus, hydrogen is 
jirt'pared, l»y adding dilute hydrogen sulphate to the zinc con- 
tained in the vessel c. The hydrogen leaving this vessel is 
mixed with water vapour until it is dried by coming in con- 
tact with calcium chloride or other drying substance placed 
in the tube B. 

The copper oxide is now heated by a suitable flame, and 
kept for some time at a low i-ed heat. The temperature of 
the tube is now allowed to fall, while hydrogen continues to 
pass through it. It is weighed when cold. The loss of matter 
is due to the oxygen, which has combined wdth some of the 
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hydrogen coming in contact witli it. The tube d is also 

weighed, with the same preciiution as before, and the increase 

of mass is due to the water which has been formed by the 
• • • 
union of the oxygen and hydrogen. The relative quantity of 

hydrogen, entering into the composition of water, is indirectly 

denoted by the difierence between the' quantity of water 

formed and the quantity of oxygen yielded up by the cop]>er 

oxide. 

In this experiment we assume that tin* hydrogen is pure ; 
that the matt(‘r Liken away from the eopjxa* oxidt* is oxygen ; 
and that this oxygen is afterwards retaimsl wliolly in the tiilx* 
n in combination with hydrogen. 

93. Different Relative Quantities of the same kinds of 
Matter may combine Chemically. In describing tin* law of 
definite proportions, it is important to sfat(‘ that tin* same* 
relativi* quantitit‘S of constituents are only to lx* found in the 
same com])Ound, sinc<* different cjornpoundM may lx* formed 
of precisely the same kinds of matter. It remains t(» he 
.shown under wliat circumstnm-es the saim* kimls of matt.(‘r 
may combine cliemically, and produce compounds differing in 
jiropertie.s. AV<* may take, as an examph*, two compoundH of 
lead and oxygen, lead monoxide- and lead dioxide. 

In preci.sely the s;ime manner as coj»p<‘r oxieh* was analysed, 
by raising its temjxTatun* in the* pres<*n«x‘ e»f hyelrogein, lead 
monoxide* anel lead die^xieh* m.iy ne>w be* analyseel, and the* 
relative ejuantiti<*s e»f the-ir cemstitu«*n1s feeUnd. We* observe* 
that, in the Ie*ad dioxiele*, the*re* is elouble* the* rt'lative* (juantity 
of oxygen that thf*re is in the* le‘ael me>nejxide. In all edhen* 
examples that are examined, it will )>e* femnd thnt the* relative* 
(juantities of the con.stiluents in eme* <*omp(»unel are related i?i 
a simple manner to the re*lative quantities of tlie* same* vonsti 
tuf*nts when they hajq>en to form another distinct compound. 

Tlie.se two compounels are coiisiderf*el as eliffcrejiit kinds of 
matter for the following reasons : the*y ditler in appeeir- 
ance* (one is yellow, the other dark hrown) ; the*ir eh-nsities 
are uidike ; their l»ehaviour when phice*d in e*ontact with 
other lx>dies is not the siirne (their chemical lx*haviour di tiers). 

The most striking examples that can he given of this law 
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of chemical combination^ which has been called the law of 
combination in multiple proportions, will be found among 
compounds containing carbon. The following table gives a 
number of distinct compounds, containing only carbon and 
hydrogen. The relative quantities of these elements in each 
compound vary in the manner indicated. The Atomic Theory 
will be found to give a reasonable explanation of these 
relations, and also of the forinulie by wliich the different kinds 
of rmitter are denoted. The distinctness of the substances 
is indicated by the difference in such physi(;al properties as 
density, melting-point, and boiling-point. 


7\thle of Homologous Paraffins. 


Jtodivs contalmug (.'arhou and Hydrogen united In different 



Jielative Quantities. 

\ i 

1 Quail- 

Nuiuf 

l''(jrtiiuln 


Diiisity 

1 of ('arboti 

mill ll>(lroi;(‘n 

Mctliaiif 

CH, 

. 


3 

Kth.'itiL* 

a.H,, 

- 


! 4 

Propane 

cyi. 

-- 

- 

i 4-5 

Tetrane 

C4H,0 


•COO 

4-8 

Pentane 

C.H.v 

38° 

•636 at 17° 

5 

Hexane 

C«Hh 

71° 

'676 at 0° 

5142 

Heptane 

C.H,« 

93° 

•699 .at 15° 

525 

Octane 

C„H,., 

124° 

■703 at 17° 

5-333 

Nonane 


1 148° 

'728 at 13-5° 

5-4 

Hoconc . 1 

1 t'loii'ijs 

10(»-ir>8° 

•739 at 13-5° 

5-454 

Kndeciinc 


180-184° 

•765 at 16° 

55 

Dodewme 


202° 

i -774 at 17° 

5-538 

Triducane . 

1 

216-218° 

•792 at 20° 

5-571 

Tetradecane 


236-240° 


5-6 

Pentadecune 

Etc. 

1 c;;h;: 

j 2.58-262° 

' -825 at 16° 

1 5625 

' Etc 


94. The Rise in Temperature during Chemical Combina- 
tion. — A quantity of sulphur is allowed to burn in oxygen and 
form sulphur dioxide. The sulphur dioxide thus formed is at 
a tempeniture much higher than that of the sulphur or oxygen. 
The magnitude of this thermal change is approximately 
measuml by the cliange in temperature of a known quantity 
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of water surrounding the vessel in which the chemical change 
takes place. The sulphur dioxide which is formed is, at 
ordinary temperatures, a gas. The temperature of the sulphur 
dioxide, whenfonneS from its constituents, is always the same. 
This is shown by the same (juantities of sulphur and oxygen 
always producing, on combin.ation, the same thermal change 
in the neighbouring body, water. 

The experiment may he rough ly carried out in the following 
manner : A vessel (a) is litted with a coi'k containing thri'c 
holes. In one of these is fixed a tube convtwing the oxygen ; 
in another a long tube of thin copper, which is coiled several 


OXYGEN 



A 


VlK. 4 !». 



times round the flask. This serv(*s to carry away the su)j)hur 
dioxide as it is formed, and i»ring about th(‘rmal e(|uilibriurn 
l)etween it and the water. It finally enbu’s the aspirator it, 
by which a slow stream (;f air or oxygen is drawn through tin? 
vessel A. The third ofwning, in the centre, serves to introduce 
the sulphur immediately the action is start<*d, or this may be 
done by touching the already fixed sulphur with a hot wire. 
The oxygtm used may be ])ure, or mixerl with nitrogen, air 
may l>e used. Tlie numc!rical results will differ accordingly ; 
but, in any case, the same <juantity of sulphur, uniting with 
oxygen under precisely the .sjinie conditions, will prfxluee tlie 
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same thermal change in the water. We may therefore say 
that the compound formed is always at the same temperature 
under the same conditions. 

If phosphorus be substituted for sulphur in the above 
experiment, the numerical results will be found to differ. An 
increase of temperature is observed in the water, and for the 
same (juantity of }>hosphorus, under the same conditions, the 
increase is always the same, but it diflers in extent from that 
which would be produced by an equal quantity of sulphur. 
Wo may therefore assume, as in the case of sulphur, that the 
temperature of the compound formed is always the same, ujaler 
the same conditions, and is always higher than that of its con- 
stituents in a free state. 

It will be noticed that tlie co!iij)ound formed, phosphorus 
pentoxide, is a solid at ordinary temperatures, although at 
higher temperatures it is a gas. A comparison of the tempera- 
tures of the two compounds at tlie time of formation cannot 
tlierefore be made from the final change of temperature 
produced in the water ; for we have letimt that the change 
from a gas to a solid is itself accompanied by a thennal 
change. The comj)arison can only be made after determining 
what is the thennal change equivalent to the solid iticatioTi of a 
known quantity of pliosphorus pentoxide. 

When two solutions act upon anothei-, the thermal 
change taking place is complex, and its measurement attended 
with great difficulties. When new substances are formed, a 
change of teinpeiature is expected from previous observations. 
We know that the same thermal changes in different kinds of 
matter are not equivalent ; and we may have here several 
new substances formed at the same time, under such circura- 
stiinces that thermal equilibrium nipidly takes place before the 
specilic temperature of each at its moment of formation can 
be measui'ed. In some cases there is the further complication 
of change of state, for one of the new substances fonned may 
be insoluble, and appear in tlie solid state as a precipitate. 
These are some of the difficulties which have to be overcome 
before correct determinations can be made of the thermal 
changes which idways accompany chemical changes. 
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95. Dalton's Atomic Hypothesis and its later Develop- 
ment. — The conception of all matter as being constructed of 
very minute separate particles, atoms, prevailed among (Ireek 
philosophers ai a vc#y early date. Their ojunions, howevej*, 
have little in comnmii with modern views. In the year 1808 
John Dalton published his ‘ New Principles of Chemistry.' Jle 
embodied the older guesses in a systematic hypothesis, which 
aimed at a complete explanation of tin' fact then known, that 
com]>ounds have an invariable composititui. According to Ids 
views, the formation of a chemical compound is an action 
taking jdace between indivi.sihle atoms. Since all tlu’ atoms 
of the same kind of mattt‘r are absolutely alike, the relative 
masses of two substances combining will hc‘ the samt‘ as tlu^ 
relative masses of the atoms. These relative* massevs w<‘n‘ all 
expressed in terms of th<‘ .smallest as unity, which was found to 
1 h' tliat of liydrogen. Tlie iiuim'ric.al values thus obtained 
were called atomic weights. 

An examph* will make I )aIton’s Iiy])othesis clearer. W’atei* 
is proved to conUiin always the siinie relative (piaiitities of 
oxygen and hydrogen, v i/.. 8 t^i 1. h has an in vai iablt* com- 
j)osition. Eacli particle or atom of wat<‘r will therefore 
i’ontain I atom of oxygen and I atom of hydrogen ; and an 
atom of oxygen is (‘ight times heavier than an atom of hydrogen. 

AVe are now awai’e that, if the volumes of f».\yg<*n and 
hydrogen combining to form water are frbserwed, the volume 
of the hydrogen will be foural (h)uble that of th<‘ o.vygen. If 
-Vvogadr’o's hypothesis be true, lh<r*e will be twice as many 
distinct particles of liydrogen as (»f oxygen in water. Dalbui s 
hypothesis, therefore, does not agr-ert v\ holly w ith rdl observa 
tions. 

I)aIton had observed that, wlmn two sub. lanees form 
more than one coiupourrd, the relative (piantities in one com 
pound Itear a sirnph- ratio f,o the relative (|uanti ties in another. 
For exam[de, he found that a certain «juantity of earbon 
united wdth a ccilain <|uantity of oxygen to form omt oxide of 
carbon, wdiile it formed anothffr oxide by uniting w'ith just 
double that quantity of oxygen. Likewise, a certain cjuantity 
of carbon unites with a certiin quantity of hydrogen to form 

L 
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one compound, while it forms another compound by uniting 
with double the quantity of liydrogen. An atom of one oxide 
of carbon, he said, contained one atom of carlx)n united with 
one atom of oxygen, while an atom of ^the otlier oxide con- 
tained an atom of carlon united witli two atoms of oxygen. 
He similarly explained the structure of the two compounds of 
carbon and hydrogen. 

TIh; smallest particles of a compound arc now' called mole- 
cules, the word atom being used to denote the ultimate par- 
ticles of elementary matter. The structure of a molecule <»f a 
compound cannot be decided until many more inv<‘stigations 
have l)e(‘n made*. We may say that it is se]>arabl(‘ into unlike 
parts, if the atomic hypothesis have any truth in it ; but we 
cannot yet say how many of tln^se parts there are, although 
we may assert that there must be at least as many as there 
are individual eonstituents. 

Ily observing the r<‘lation that exists Ix tueeii the* volumes 
of combining gases and the \olumes of the gases resulting 
from their union, we gather that the molecules of ele!m‘ntary 
gas<*s must be divisible into at least two j>arts. It is to thes(* 
pai ts that the term atom is now given. For example, (‘(|ual 
volunu's of the gases, hydrogen and chlorine, unite to form a 
comjKUind, hydre^gen chloride, which is a gas oceuj»ying the 
same volume as its components togt*th(‘r occupied before com- 
bination. 'I’hat is, if we accept Avogadro's hypothesi.s, one 
molecule of hydrogt'ii and one molecuh* of chlorhh* form two 
molecules of hydrogen chloride. Hut each of these* moh*cules 
of hydrogen chloride* contains some of the substance* hydrogen, 
and .some of the substance* chlorine. In othe'r words, the 
molecule of hydrogen is now <livid(*d into two j)ortions, and so 
is the moh'cuh* of chlorine*. In act'orelance* with the system of 
symbedic m)tatie>n use*d in (’hemistry, Hj is writte*n for the 
m(»hM*ule of hydrogen, while 11 re*prt‘se*nts an atom of hydrogen. 
The* re'action taking place i^ represente*el by the following 
chemical enpiation : 

HCl. 

Or, one molecule of hydrogen unites with one molecule of 
chlorine, forming two medeculep of hydrogen chloride. 
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We have observed that a given volume of oxygen united' 
'with double its volume of liydrogen. If Avogadro’s hypo 
thesis be true, then each molecule of water must contain at 
least twice as^nany particles of hydrogen as of <»xygen. Ilut 
this observation alone tells us nothing more. When we come, 
how’ever, to measure the densities of hydrogen, oxygen, and 
water, under precisely the same conditions, i.r. at a tempera- 
ture at which water is a gas like its components, w<» timl tluit 
water-gas is nine times, and oxyg»*n sixteen times, as heavy as 
hydrogen. These numlK'rs must, from Avogadro’s hypothesis, 
also stand for the densities of those j»a?*tich*s, whitii are con- 
tained in e(|ual numlier, in eipial volumes under the Rame 
conditions. That is, th(‘se are the relative densities of mole 
cules of water, oxygen, ai.d hydrogen. Tin* moh*cuIe of 
hydrogen lH‘ing taken, since it is the* light(‘st, as the standard, 
and, since it is supposeel to contain two atoms, Ixung call'd *J, 
then the corresponding numl)ers for water and oxygen will he 
IS and Tin ‘se number^ iin* call'd molecular masses. 

The molecule of water must therefon* contain one atom of 
oxygen ami two at<»ms ot hydrogen, and is written shortly as 
H ./>, while tin* reaction will he i*xj)ressed hy the following 
etjuation : ■ 

‘J 11,-1 ().,=: H ./). 

Or, two molecules of livdrogen uniting with one molecule of 
oxygen yield twf» molecules of water. 

It must always he rememherefi that the numcrieaJ values 
called atomic masses refpjire to 1 m* very <'Iearly distinguished 
from those relative rpiantities of jlirterent kinds of matt<*r 
which have lK*en hnind hy experiment to In* chemically erpii- 
valent. (’hemical equivalent-, are ha-ed ujMm the re.sults of 
ohservation. They cannot he altered, exeej>t so far as tiiodcH 
of measurement may heconn* more accurate, b»r tlicy rejirescnt 
facts of nature. f>ii the otlier hand, at<uuic masses are values 
which are based upon theorieK, an<l rhietly on (he theory of 
Avogadro, which may fK^rhaps have t«j succumh to facts not 
yet ohservwl. It is true that atcanic ma.sseH are derived 
from chemically equivalent quantities, and are al^liys simply 
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related them, sometimes coinciding with them; but the 
tlieorics by jneans of wliich they are derived gain no confirma- 
tion from tlie process. The strongest reason which we have 
come across in our j)ast observations for supposing that atoms 
liave a real (‘xisteiice, and that the atomic masses represent 
their r(‘Iative mas.ses, lies in the fact that the supposed relative 
masses of atoms are those masses which are thermally equiva- 
lent. On the otlier liand, chemical equivalents agree with 
electric equivalents. The obvious suggestion is that changes 
of temperature are changes in the atom as a whole — changes, 
in fact, in the motion of the atom — wliile chemical and 
el(‘ctric changes are disturbances of a state of equilibrium 
wliich many considerations urge us to regard as very com- 
plicated. 


Additional Exercis*'s and Questions, 

1. Ilcnt small (junntitics of iodine, aimnojiium chloride, and lead 
nitrate. Plug the vc.s.scl> with cotton-wool. Compare the changes 
tuking i)lace, and closely iuve.stigate the subsUinccb when they are 
cold. 

2. Pcrhn'in an c‘Xporini(‘nt with a view to proving that chemical 
change cau--cs no alttTation in the total amount of luatter taking piirt 
in the change. 

Ih Analyse roughly, hy u.'^ing j>ho.sj>honi.«i, the air which luis been 
h(*ld in solution hy rain-w.itcr, and .state whether j'our resuU.s, when 
coinp;ircd with the anaiY>is of tu'dinary air, wouhl load you to de8cril>e 
air as a c hemical compound or a mixture of gasc.s. The air may be 
expellctl from tlie water and colleeted hy tilling a fta.sk, and a tube in 
emmeetion with it, com]'letely with the water. The tulK* is bent so as 
to dip heueatli the mouth of an inverted ves.sel >tanding over water and 
containing water. 'J’he water mav l»e renewed in the lla'^k until sufficient 
air i" <»litainefl 

•1. riaee moi-t iron jtowder (not iding*', which are generally oily) in 
a c’onlinc'd volume of air «»v » r w.tt» r, and leave for several days. The 
larger tin- Mnl.e i- oi jievviO r i : po^^isl. th<- ipue < r will U* the change. 
Suh>tnute c>xvgen for air in the expcrimc'Ut in {Section 8th 
Observe the action of acids and alkalies on litmus Observe, by 
the' U'*!' t)f litmus, that detinite cpiantities of acid.s tire reijuired to 
• in iitr.ilise ’ d<‘linit(‘ quant if le.s of alkalies. Use burettes. 

7 I’rej :u'e vo>oc' so lium ehlorule from hydrogen chloride and 

sotiium h>d«ate. 
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8. Collect, monsiiro, ami oTniuino st'^aratcly tlio whirii ar«* 

g-iven off at the where very <lilute hydro-rt'ii Milpliati' 

contact with an electric circuit. Um* ]»latimnn plates for in:ikin«: 
contact. • • 

9. Add an acid to calcium carbonati* (marble or limestone) and 
c^iii.^e some of t)ie gas t4> pass tlirouirh a stOution made by shaking Mf> 
with water another )K>rtion of the calcium carbonate after it has beim 
strongly heati'd for some time. Observe that the same result isgi\en, 
if air from the lungs, »u' air in which a subsiama' Citniaining carbon has 
been burnt, Ix' ]»asscd through sium* of the .same snlui ion.atal also that 
the calcium carlM:»uatc loses the gas under ol>‘«ei \ati(ni, when it is at a 
high tern] crat lire. rr<»vc aNo t bat 1 his ga*' is ctiMiamed m ibeatino. 
sphere in small (piaiitities. .show tlial tbewlni*' jiret ipitale fonne<l 
contains the same g.is, ami is tlierefore c.ilcmm carbonali-. 

10. Arrange an experiment t«» --liow that an will inn n in an til mo- 
sphere of coal-gas, Kiiree the aii slowlv liuuuiib a lube li\ means n| 
water falling into ti vessel with wineh the tube i- eonneetrd. Ha\e 
ready a M*ssel supplied with eoal-^as wbudi is btnnim.: at a small (»p* ii- 
ing. Light the jet of air as it entersal t Ins opening ;in<l e\i ji);.'ui*sb the 
gas. Care is needed. 

11. rerform experiments illustrating the law that ehemii'al eom- 
binntion takes place between <lelinit<‘ <piant it ies of dill'ercni kinds of 
matter. 

12. What jihvsical changes usually .'leeoinpany i hetnie.d changes f 

13. Suggest some hvpot hesis as to the manner in which ebemi<'ai 
change proceeds and tlie <’auses In which it is si-t up. 

14. Whtit facts leatl us t<» belie\e that tlie inoleeiile of hydrogen 
contains two atoms ' 

15. How are the chemical properties of a Ixidy dist inguished from its 
physical properties/ H(;wcaii it be proved that diamond and »‘haieoal 
are tlie same kind of matter/ 

10, How w'ould you proct‘ed to tind out wluMlier two gases are alike 
without making use of chemical methods ! 

17. What are the experiiiH'iital faets atnl tlieoretjeal •oiisidi ral ions 
from which the numhers called atonne weights or m;is-e-v are rleiivefj 

18. What is f/ lun- of mtturt *. 
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CHAPTER YIII 

OBSERVATIONS WHICH LEAD TO THE THEORY THAT SPACE IS 
FILLED WITH A MEDIUM, THE ETHER, RY MEANS OF WHICH 
CERTAIN MODES OF MOTION ARE CONVEYED FROM ONE PORTION 
OF MATTER TO ANOTHER 

96. On Radiation or Rectilinear Propagation of Light and 
Temperature. - We have already noticed that thermal equili- 
brium may couu* about, without maU‘rial contact, by means of 
radiation — a process which takes place independently of any 
material medium, or, at any rate, of matter as we have learnt 
to obstTve it. The effects of radiation may be detected in any 
direction in space, except so far as they are intercepted by 
material bodies. 

Radiating matter may l)e recognised either by thermal or 
luminous etl’ects ; that is, we may receive from it the sensation 
of warmtii througli our skin, or through our eyes the sensation 
of light. Although these ]>roj)erties may co exist, a body which 
causes a change of ttMiqierature in neighbouring bodies does 
not necessarily ad<'ct our eyes. 

If a body, i\<h a piece of iron, be raised to a high tempera- 
ture, it will be found that the gradual diminution of thermal 
ra<liation, as marked by a neighbouring thermometer, corre- 
sponds with a change from whiteness to a yellow, and then red, 
glow ; while e«msiderahle thermal nuliation will go on after 
the body has ceased to emit any light of its own. The same 
phenomena occur in reverse order as tlie temperature of a 
bo^^y rises. It is important to distinguish l)etw’een the sensa- 
tion oi light and its cause, and tlie sensation of wannth and 
its cau^e, and also to remember that temperature is a condition 
of matter, \N e are now primarily concerned in finding out 
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what is the condition of space through which elh‘cts of light 
and temperature are being propagateil. 

The interi'eptioii of light by an opaque body from tlie 
portion of space nhadinred by it is rt*adiJy explained by the 
propagation of light bt*ing m*tilinear. A corresj^onding spac«*, 
shadowed from tlu'rmal radiations, by a body which is ther 
nuilly opa(|ue, may be readily shown to exist by means of a 
sensitive ihermoim*ter. Within this space n(> ebange of t(Mn 
pt^rature is produced by tin* radiating IhmIv. 

Occasionally it may appear that thermal radiation is 
greater in an upward <lir(‘cti<»n than otlu‘rs ; but this may be 
shown to 1 m‘ clearly due t(* the ascent of air wliich has Ijoch 
heated by eontaet with the hot body, and so made less dense 
than the surrminding air. Iladiation may be sIionnh to projt'cd 
in a vacuum just as in the air : while it eomes from the sun 
and stars through vast spaces free of air. 

That effect of nidiation which w<‘ call light is much more 
readily and discritninatingly obser\ed than the tln'rmal elleet ; 
and in tin* following ]»ages greater att(*nti«m will he ]>aid to 
the sensations of light in conse<jueiice. 

97. Beflexion. — When radiation falls upon the surface of 
any kind of matter, it is in semn* degree turned hack or rc 
fleeted. Jf the surface he irregular, there will he irregular 
reflexion ; hut the smoother tin* surface, tin* gn*ater the frai- 
tion undergoing regular reflexion. It is by the light reflected 
from bodies that we jierceive them, and it is l>y tin* manner in 
wliich light is reflected from various parts of tin* same body 
that W'e judge of its shape. Without jiaying attention to the 
exb*nt of reflexion, we may indirectly verify the following 
laws, viz. tliat the angles, which tin* incident ainl reflc<*tcc| 
light make w ith the normal at the reflecting surface, i.r, tin* 
angles of incidence and reflexion, are e(jual, and in the same 
plane. 

A plane mirror, which may he eitlnT silvered gla,s.s or plate 
glass, is used, and tw'o cross- wires mounted on a ring.sfjrve as an 
object affbnling light suitable for the observation of reflexion. 
If silvere<l glass he userl, a strip in the centre is S( raja?d off' 
so that the cross- wires of a similar ring may he visible at the 
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Ymck of the mirror together with the image of those in front. 
Place the two cross-wires so that the image of the one in 
front ajipoars to coincide with the visible portion of the one 
behind, and adjust carefully until the coincidence is main- 
tained when the eye is moved from side to side. 

Instead of two cross -wires, two pins (ixed vertically, one in 
front and one Ixdiind the mirror, may l>e used. They are 
placcxl so that tlie upper part of the one behind is visible, and 
may Ixi compared with the image of the lower part of the one 
in front. 

If tin* distances of the objects from the mirror be now 
taken, they will be found e(jual. If the law of reflexion 
st;ited above* be assumed to be true, then the results here ob- 
served would follow, and h(‘nc(‘ we may consider the law to be 
indirectly d(*monstrat(‘d by these experiments. Let ni be the 
plane miiror, and cand d the cross-win‘s, at an equal distance 
in the saim* straight line from tin* mirror. Then assume a 
single ray of light, from the point of intersection of the wires 
in c, to be reflected, after meeting the surface at c, making 
the angh* ccr/ e(|ual to the angle fetj^ when yc is the normal 

at f. Then it is easy to prove 
by geometry that the line f e 
<*ontinu(*d will meet the cross- 
wires d at th(‘ir point of inter- 
section, for the angles ce k and 
dt'k are (*<|ual {d e k l)eing 
equal to n r /*), and d k e is 
equal to c k c, each l)eing a 
right angle, and A c common 
to the two triangles e kdy eke. 
Therefore the triangles are equal, and likewise dk to kr. 
Hence the eye placed anywhere on the line will perceive 
the object (/, and the image of c at the same position, provided 
only the law be true. 

98. To find the Focal Length of a Concave Mirror and of 
a Convex Lens. — A lUH'dle or pin is fixed vertically in front 
of a concave min*or, and the position, in wiiich the eye will see 
an inverted image of the needle, is found. It is advisable to 
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cover the mirror, if large, with dull black paper, leaving a 
small hole at the centre for observation. The not*dle is now- 
adjusted until the point of the image just touches tin' point of 
the needle, and agi'ces with it in siz(\ The coincidence must 
be maintained wlien the eye is changed in position. 

When this adjustment is made, and the distanct' of the 
needle-point from the mirror measured, it will lx* found to be 
the same as the radius of tin* spherical surface of which the 
mirror forms a part --that is, the needle-point and its imag(* 
are at the geometrical centre of the reflecting surfact*. This 
may l»e proved by using the spherometcr to fmil tin* curvature 
of the mirror. Knowing that the three fi\<*d feet of the sphere 
meter are e<juidistant, and form an e()uilat(‘ral triangh* of side / 
(which may be ineasun‘d), and the distant^*, through which 
the centre leg has been mov(‘d, w(‘ g<‘t from hhic. iii, .’b*), if r 
stand for the radius of tin* sphere of which a segment, of 
thickness luis 1m*(*ii cut (df by the plane of (hi* triangle, 

oCV- o)=— i«x -L 

w lienee r = — . -f- 

()(/ 'J 


is the radius of the circle circumscribing the triangle formed 

by the legs, and corresponds with the distance ff 0 in fig. hi, 
6 c corresponds w-ith o, and d/* with 2?' n. 

Half the distance thus found is called 
the focal length, or the focus is a point mid- 
way Ix'twTen the mirror and its centre of 
curvature. 

When light passes through a transparent 
iKxly, it is changed in direction, excejit when 
it is nonnal to the surfaces of entrance and 
emergence. When the body is shaped like 
a lens, certain properties, varying witli the shafn; and imitf*rial 
of the lens, are the result of this change in direction of 
transmitted light. 
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We may measure the distance from the lens of the image, 
wliich is produced by the light from an object passing through 
the lens, by means of an optical bench (fig.. 52). This consists 
of a long wooden horizontal stand, along which may be moved 
vertical stands holding t’ e luminous object, the lens, and a 
screen of white unglazfid paper to receive the image. Each of 
these stands is made so that the uprights may move perpen- 
dicularly across the long scale a of the bench, which is shown 
in section at x. The lateral movement is obtained by a block 
sliding in a groove, as shown at r, in Y and z. The longi- 
tudinal movements of the stands are measured by a stand 
carrying a horizontal wire, the bmgth of this wire being known 
and added to tin* distance through whiob its stand is moved in 
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talking a measurement. Screws at i> and K enable the screens, 
lenses, or mirrors to be adjusted in height, (lood observations 
with lenses and mirrors can be made on such a Wnch. 

In tlie stand for tlu‘ luminous object place a scrc*en wntli a 
central aj>erture and a juu vertically fixed with its point at 
about the centre of the hole. Close behind this place a strong 
light. The lens and screen are now adjusted until a clear 
image of the pin-point is obtaim‘d. It will be found that for 
every change in the distance of the luminous object from tlie 
lens there is a change in the distance of the image from the 
lens. The pinnts thus found ai*e the conjugate foci. 

If the light from a distant object l>e made to pass through 
tlie lens, it will l>e found that the image formed has an invari- 
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able position with regard to the lens. This distance is called 
the focal length. In order to succeed with a distant object, 
such as a vi^ne or ^ag-staff, diffuswl light must be shut oil as 
much as possible from tin* lens and screen. 

99. The Formation of a Spectrum.— Place a lamp in front 
of a vertical and narrow slit, and allow the thin ray of light 
which passes through the slit to fall upon the fact* of a glass 
prism at a suittible angle which is ascertaiiuHl by trial. Tlie 
ray is found not only to be turnetl aside but to yiohl a hori- 
zontal ribbon of many eolours, called a .spectrum, which may 
be sliown upon a screen. 

13y interposing a convex lens Iw^twet'n the prism and tin* 
slit, the Hfiectrum becomes mort* distinct and definite ; and, by 
viewing the sjMVtruin thnmgha t«‘lesc<»p(‘, if is enhirg(*d. 'Pljc 
amount of refraction suth-red by tin* ray, as well as the extent 
to which it is dispersed or spread out intf) tbes(» eolours, is 
determinc‘d by the angle and material of the |>rism. 

The spectroscope is an instrument in which tlnvse opera- 
tions are carried out effectively and si multain*oii.sly. 'Dn* tube 
eontaining an adju.stabh* slit, and the len.sc‘s, ly which the ray 
is prevent(?d from diHusing, is called tin* collimator. 'J'la* otln*r 
tube is the teleseope tbivmgb which the sjK*ctrum is eidarged 
wit bout being otherwise alt<*red. Tin* t4*leseojM* is first removed, 
and the eye piece adjusted .so as to present a clear image of 
the cross-wires, which are inserted for exactness in comparing 
distances. The eye piece and cross-win*s are then focussed 
together, so that a distant c»bj<*et yields a clearly defined image, 
which slaaild notvary its position with regard to the cross wires 
when the eye is mo\-ed from .side Ut side. Itemove the j»ri.sm 
and replace the t<*lesc<»f>e, turning it and h*velling if nece.ssary, 
so as to view the slit <lirectly and in the middle of tin* field. 
If necessary, focus the collimator, so that the image of tiie slit 
is well definexl. Replace the prism in such a j^osition that a 
good liorizontal s{>ectrum is obttiiiied, levelling if necessary. 
The axes of the telescojK? and collimator, together with the 
graduated circle to which they are attaclied, should now \h: in 
the same plane, if the adjustnients have l>een crarefully made. 

Instead of an ordinary white flame for illurninating the 
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slit, we may now use the incandescent vapour of various sub- 
stances by placing them on platinum foil in the Bunsen flame. 
Instead of the continuous spectrum we sjhall observe bright 
lines varying in colour, number, and relative position with the 
substances used. By throwing the rays of the sun upon the 
slit by a reflector we obtain a continuous spectrum containing 
certain dark lines to be afterwards explained. 

We may reasonably assume from this experiment that 
variety of colour is caused by the varied action of bodies upon 
white light. A red object absorbs that portion of white light 
which is not red, and reflects the red light alone. 

It is important to note that thermal dispersion is observ- 
able, and also thermal reflexion and refraction; but the 
tliermal eflects of radiation are more troublesome to deal with 
than light. 

100. The Interference of Light. — It was first noticed by 
Young that two rays of light, converging in a dark room from 
two small holes close together, yield certain alternate light and 
dark bands, when a screen is placed where they overlap. The 
dark bands disapj)ear when one ray is cut off. In other words, 
the addition of light may, under certain circumstances, produce 
darkness. We have already learnt from the use of a prism 
that white light is the joint effect of light of various kinds 
or coloui’s, and this is again shown by the observation that 
with white light the dark bands are alternated with coloured 
ones in this experiment, while with light of one colour, such 
as the yellow light given by sodium compounds, alternate 
bands of black and yellow alone are given. 

Fresnel obtained a similar result more conveniently in 
two ways : one by the aid of reflexion, the other by means of 
refraction. In tlu' lirst method two metiillic mirrors, a h and b c, 
are placed side by side, so as to be nearly in the same plane, 
but not quite. A ray of light from d is caused to fall upon both 
mirrors. The reflected rays converge to a point /, and appa- 
rently come from two vertical images, y and /f, close together at 
the back of the mirrors. On placing a screen at J\ alternate 
dark and light bands should be obtained. 

In Fresnel’s second experiment a prism abc of very large 
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angle, nearly 180®, called a bi-prism, is placed so that light 
diverging from the point d falls on the face a c. Part of the 
light is refracted by the portion a h and part by the portion 
c 5 of the bi-prism. * A given ray dei& refracted and reaches a 
point 7 ), as if it had come from while another ray d f is 
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refracted by the other jjortion of the hi jn’ism and reaches the 
point;; as if it had come from a point h. Jbmee tJie ellect of 
these two rays at the point is the same as if tlu’V had come 
resj>ectiv(‘ly from the two points, g and A, whicli an* elos<‘ 



together, and hence n srreen pla< ecl at p will e,\liil»il ijiter* 
ference effects. 

A carefully const ructi*d optical bench allf>ws this eflect to 
l>e observeil, and th<; <listaiice a[>art of tin* lines to lx* accu- 
rately measured. It consists of a heavy irmi bar, planed, 
grooved, and graduated so that three upright stands may be 
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moved along it to distances measurable by the verniers they 
carry. The first stand carries the eye-piece with a vertical 
cross-wire. This may be moved horizontally by a micrometer 
screw. A scale and vernier shows the tlispladfement. The 
middle upright holds the bi-prism and the further one carries 
the slit. These two are capable of horizontal and vertical 
movements. The centres of the slit, bi-prism, and eye-piece 
should be in a straight line parallel to the bench-scale. The 
edge of the bi -prism should be vertical and pass through this 
straight line. The cross- wire and slit should coincide with the 
edge of the bi-prism, and tlie cross- wire must move accurately 
at right angles to this line, in order to measure the distance 
apart of the interference lines. 

101. Explanation of Interference.— The most complete ex- 
planation of the previously observed propoi’ties of light is 
given by th(‘ wave theory, according to winch light consists of 
a vibratoiy motion of a universal m(*dium, call(‘d the ether. The 
ether allows this vibratory motion, when once it is set up, to 
b(‘ propagated with V(tv great rapidity and with undimiuished 
intensity in all directions. Eth(‘r is proscjnt in matter as well 
fisin space, 0(‘cupying the spae(*s between the [>articles. Light 
may therefore pass through some kinds of matter ; others arc 
only slightly penetnited, the motion of the ether being pro- 
bably obstruct'd or changed by the partich'S of matter. We 
are unable to observe ether directly ; we are not con.scious of 
its exi.stcnce as we are of matter : yet, by assuming the exist- 
ence of such a medium, we are able to put forward a simple 
explanation of the most varied optical phenomena. 

We are not concerned, at this stage, with the exact nature 
of the vibratory movement constituting light. We have 
simply to consider that this vibratory movement is rapidly 
propagated without any portion of tlie ether undergoing more 
than a small e.xcursion from its ]>osition of rest, ju.st os a 
wave of water travels far and wide, while a body floating on 
the surface of the water shows by its motion up and down that 
the wave travels, but not the water. The movement travels 
on, leaving the ether l>ehind it unchanged. If it reaches our 
eyes with sufficient intensity, we are conscious of light. If it 
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reaches the skin with any intensity, we have the sensation of 
warmth. When it falls upon a body, it may make it luminous 
or raise its temperature. 

Whatever may J;>e the state of the ether whicli is conveying 
radiation, wemay be quite certain of one tiling— that there are 
two phases of that state. At one time the movement is posi- 
tive, at another negative. At one instant the displactmient is 
in one direction, at the next it is equal in amount hut opposiU? 
in direction. The distance between two points whirh art' suc- 
cessively moving in the wune manner is culled the length of a 
wave or undulation. In other words, th(‘ length of a wave is 
the space through which the vibratory moveimmt pa.sses during 
the time occupied in the comph‘te vibration of any single ])nr- 
tion of the ether through which the wavo is transmitted, 'rhe 
total displacement of each portion of tin* ether from its original 
position is called the amplitiuh* of th(‘ wave*. Tjum this 
depends the intensity of the light (and likc*wise of the thei-mal 
efiV'cts produced). 

When a given jioint is in the paths of two ether waves, 
their joint etlect may he either an increased or diminished dis- 
placement — that is, the amjditnde of tin* joint wav(‘ at the 
point of coincidence may !»<* larger or smaller than that of 
either of its constituent wave.s. Tlie mo\<‘ment efniimunieat«*d 
hy one travelling wave may be, at (hat givc*n |)oint, in tin* same 
direction as that communieaU'd hy tin* other wave, fn this 
case the total di.splaeement is e<(ual to the sum of tlie sepa- 
nite disjdacement.s, and tlie intensity of light is gn*ab'r tlian 
that from eitluT .source alone. Jf the disphiceimMits liaj»j)en 
to he, how'cver, in opposite directions, on account of the posi- 
tion of the point with regard to the concurring wuves, then 
the resultant di.splaeement w'ill he the sum <»f a pf»sitive anrl a 
negative ([uantity, i.r. the dill'erence between tliese (pjantities, 
and the direction will he that of the larger (juantity. Jieneft 
there will he a diminution of light. If the two displacement s 
are exactly <*quttl and in opposite directions at the given [>oint, 
then there is evidently no resultant motion at this point, and 
hence no light. It is obvious tliat displacements which neu- 
tralise one another must be in the game plane, and in the case of 



160 


ELEMENTS OF LABORATORY WORK 


light this plane must, from our observations, be perpendicular 
to the direction of propagation. Confirmation of this may be 
obtained from the polarisation of light. 

In order to measure the wave-length \ of a given kind of 
light it is necessary to know the distance x between two con- 
secutive bright bands, the distance a between the slit and the 
eye piece*, and the distance C between the two virtual images 
formed by the two halves of the prism. Then, 

X — ~ 
n 

By varying the light, or interpo.sing coloured glasses 
between the slit and the bi jirism, the variation in wave length 
may be measured by the same formula, the (luantity .r Inking 
the only variable. We shall find that the colours in the order 
in which they are pre.sented in the spectrum vary in wave- 
h*ngth, the smalh'st wave-l(*ngths being at the violet end, and 
tin* longest at the ml end, the intermediate colours having 
intermediate wave-lengths, 

102. Explanation of Rectilinear Propagation. Although 
tin* wav(^ tlu'ory of light has simjdy and reasonably explained 
sevt'ral phenomena, we have got to iiml some explanation for the 
observed rectilinear propagation of light, and for the observed 
laws of rellexion arnl refraction. It is contrary to ob.servation 
that a source of light should travel in one direction only. It is 
visible in all directions exct*j»t so far as opa(|ue matter pre- 
vents its jMissage. It would also be inconsistent with our 
assumj)tiou of the existence of a liomogen(‘ous ether to sup{>08C 
that a di.sturbance, .set up by a radiating body, does not travel 
in th(* same manner, ami with the siime speed, in all direc- 
tions in the same isotrojac medium. We have. In fact, since 
the sphere is the only IkkIv wliich is symmetrical in all direc- 
tions with regard to s|K\ce, a series of splierical waves <*xtond- 
ing further and further until obstructed or modified. When 
the surface of another medium is reached, we have in general 
two new waves set uj), each different in dii-ection from the 
original. One is the reflected wave, the other the refracted 
wave. The relation in the amplitude of the vibrations, by 
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which tlie intensity of tlie two waves of liglit is det(‘rmiried, 
will vary for different media. In the same medium the specnl 
is unchanged. In the new nu^dium the speed may naturally 
alter. It has*l»een tlearly prove<l hy dinvt ohsorvations that 
the speed of propagation does vary in diHerent media ; hut, 
wliJiU^ver the speed, light always travids reetiliniMirly. Wi' 
may, liowever, first of all apply tin* principle of int<'rf(‘reiu*e to 
reconcile tin* wavt* theory with the observed fact that an 
opaque body etfectiv(*ly shitdils a jjorlion of tin* (*ther from 
disturbance which must be occurring in its neighbourhood. 
hi^t w V rejiresent a section of portion of a wa\'e, starting 


w 



r.K. .S.N 


from the luminous point f», and let p b<j the poirit at which 
the effect of this wave i^ «*onsiderc*d. .loin o p cutting wv in 
o, then let A, c, //. ti'c., represent points such that the linear 
distances b r p, </ p, Are., on one hide the line u p, and like- 
wise* those, // P, ♦Vc., on the other si<le, each ditler from 

one another by the distance of half a wave-length. Then, if 
we consider each of the.se points ;i.s the centre of a new dis- 
turbance, it is obvious that each c-on-.eeut i v e pair of the 
secondary waves prmluced will arrive at P in o[>[)OHit«* phaH<‘M, 
and, if equal, would iieutrali.se each other. That is, the general 
result of the portion a h will he opposit^j to tliat of tius portion 
6 c, and c d opjiosite ui its effer t to d and so on for the other 

M 
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portions of the wave. But now, as the distance from a 
increases, the consecutive portions of the wave become more 
nearly equal in area, and at a distance which is very small, 
on account of the minuteness of the dimensions ol light- waves, 
the areas become practically equal, and joint disturbances from 
consecutive areas become equal and opposite in their effects. 
Hence the effective portion of the wave is a small area around 
the point a in the straight line joining the luminous point 
with the point of investigation P. Hence an obstacle placed 
at this point a shuts off the light from p. 

One important result of this explanation is that, if alternate 
portions, c, dr^ tfcc., be stopped by opaque bodies, the total 
quantity of light reaching P will be increased. This will now 
be demonstrated by means of an interference grating. 

103. The Interference Grating. — In observations with this 
grating we shall deal wdth light- waves of one kind — that is, of 
the same length —for the sake of simplicity. The grating now 
used consists of a number of very line and very close parallel 
lines, which have been accurately ruled at equal distances by 
means of a machine on a piece of glass. A photographic 
reproduction of such a grating answers every purpose. This 
is now placed in a vertical position on the small central table 
of the spectroscope, so that the yellow sodium light from the 
slit of the collimator falls upon it normally. On looking 
through the grating t<»wards the slit, the direct image of the 
slit w’ill be se<ai, and, in addition, several images on each side 
of the direct image growing fainter and fainter as they 
increase in distance. On bringing the cross- wires of the 
telescope to bear upon these images, and carefully adjusting, 
if needful, the lt*vel of any portion of the instrument, their 
angular distance from the central image, and from each other, 
may be very accurately read. 

Let abf 6,, ^362 represent in section the opaque 
portions of the grating, P the position of the eye, and o the 
slit ; then we may consider the grating to coincide with a 
very large light-wave, alternate portions of which are cut off 
by the opacity of the lines, w'hile alternate portions are trans- 
mitted— a condition described in the last section. Without 
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the grating we should see the slit directly ; by means of the 
grating the interfering portions are intercepted, and so more 
tlian a direct view of the slit is obtained, and we see, in a 
fashion, aro&nd a 8 ori\er. 

Suppose that the distances of p from and from ditier 
by a whole wave length, then the light which would come 
from the portion «3 03 of the large wave may bo considered to 



I 


I'ik' 




consist of tw'o portions, which are nearly equal but in rqiposit^* 
phases; the line (^21 how*ever, intercepts one poition com- 
pletely, or incompletely, according to the relative size of the 
opaque and transparent portions. A bright hand will conse- 
quently be seen at Pag, and this will be the first band. At 
another position a, on the grating, the lijie p will differ 
from P a. by twro whole wave-lengths ; then the light which 
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would come from the portion a-j may be considered to con- 
sist of two portions which will be in opposite phases. One of 
these being intercepted, a band is visible in the direction p a;, 
and so on, for all portions of the grating, where the corre- 
sponding distances differ by any whole number of wave-lengths. 
The pf>sition of these images will be determined solely by the 
length of the light- waves, and will vary for different colours. 

If d denote the distance &c., that is, the interval 

composed of an oj)a()ue and a transparent portion of the 
grating (a. distance which is usually known for each grating), 
and X denot(‘ tln^ wave-huigth of the light used, then, by con- 
struction, for lh(‘ position of tlu‘ hrst image, 

^=sin 0. Or \=zd sin f) 


when (I is (he angl<‘ h , / or, which is the same, the angle 
o V 03 ; for the s(‘<‘oud imag(‘ and th(‘ second angle d.,, 

\=:^/ sin d.,, and so on. 

It is a(b isablc in this observation to take tin* Jiiean angle, 
obtained by nicasining tlie corresponding images on each side 
of tlu* n\ain image. Precis<*ly the .same results, explicable in 
the same manner, may be obtained by icdlexion from lines 
ruled u}>on polished metal. When white light is used a series 
of pure spectia may be obtained with either reflexion or 
I’efraction gratings, sinct* we .shall have e.ach monochromatic 
image of the .slit replaced now by a band, rejue.scnting tlie 
.superposition of succt‘ssiv(* images, eau.sed by the radiations of 
sueces.sive wav<»'lengths. By constructing a diagram which 
shall include radiations of different wave-lengths, the difference 
in position of the images will be made clear. 

104. Explanation of Reflexion and Refraction.— The scune 

principle of interference of light may now l>e applied to 
explain the observed laws of re6ex ion and refraction in 
isotropic media — that is, media which do not interfere by their 
structure with the spherical propagation of ether-waves. 
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Each portion of the lx>unding surface of two such luedia 
upon which light is incident becomes a centre of disturbanw, 
from which minor waves are rectilinearly pi*o]>agated in each 
medium. The effect at a given point p in the one medium is 
the resultant of all the disturbances which reacli it ; and the 
effect at a given point p is the resultant of all the disturbances 
which reach that point through the otluT medium. Suppose 
the incident wave-front be considered, for simplicity, ns a 
straight lino tt h cutting the surface in n. 1 >rji w h r per|UMidicular 
ton 6. [For the clear iindei'standing of tb<‘ following, it is of the 
greatestimportance that the whole diagram should be accurat<‘ly 
copied step by stej) on a Iarg(*r seah‘ by the aid of eompas.ses and 
rulers.] Then from a as centre, and with h r as ? iid ins, describe the 
partial circle d tj. Hy the time the portion of the wave front at 
b has reached the surface at c the disturbance originated at a 
will have spread to atl parts of the curve d .r. Take inter- 
mediate points e and / on the w’ave-front (t />, and draw ])erpen- 
diculars to the surface, and from the points 7 and b describi^ 
p)artial circles with radii e(|ual to th(‘ distaniM* which the 
portion of the wa\ e-front at h has yc‘t to travel to the surface 
after the.se intermediate points have reached it. These dis- 
tances will be j c and /r c, obtained by drawing paralhds to t he 
wave-front from the points // and It. A tangent drawn to 
these curves will now rep?*esent the reflt'cted wave-front. 

Let us now’ take several points in the surface a .such 
that the dLsjjlaceinents caused at the ))oint m by the* w'uv(‘k 
from consecutive portions:/:, y, :Lare in opposite directions — i.r. 
the distance of tliese points from m must vary by half wave- 
lengths. Then, as before demon.struted, the only (‘ffective 
portion of the surface in illuininatiiig the j)()ii»t m is tie* small 
area at 7, the displacement at which has bei'ii cau.sed by the 
portion of the wave-front at the areas fnitlier away more 
and more completely destroying one another. I'he same 
reasoning applies to every other portion of the reflected wave- 
front, and hence the light must be rcflt cted in the direction d c, 
all the other etlier disturhanc€*s lw,*ing neutralised. 

It is obvious from the construction that the reflected wave- 
front is inclined at the same angle to the reflecting surface as 
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the incident wave-front, and that they are >>oth in the same 
plane. 

To the refracted portion of the wave the same arguments 
and the same construction may be applied, with the exception 
of the modification required by the difference in the speed of 
light waves in the two media. The partial circle, which is 
drawn from the point a in the new medium, must have a 
mdius a n which shall boar to the distance h c the same ratio 
as the speed of light in the new medium bears to the speed 
ifi the old medium. The same ratio must l>e observed in the 
other cases, and a tangent drawn to the several partial circles 
in the new medium is seen to be deflected on account of the 


P 



change of speed, and may l»e proved, as before, by applying 
the principle of interfeivnce, to represent the refracted wave- 
front. The incident and refracted waves are in the same plane, 
and if and </>' stand for the angles each makes respectively 
with the normal to the surface', then, by geometry, 

sin be V 

sin ^ an r 

Or, the sines of these angles are in the same ratio as the 
speeds of light in the two media, a ratio which is constant for 
the same media. Hence we may ascertain relative speeds by 
measuring refractive indices. 
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A table of refractive indices — that is, of the ratio 

Bill f 

— for yellow sodium light from air is given below. 

The most convenient method of measuring the refnu tive 
index of a body, if a solid, is to grind it to the form of a prism, 
measure the angle of the prism by reflection of light witli the 
spectroscope, then measure the angle of minimum deviation 
when light passes through the substance. If a liquid, it is 
enclosed in a hollow prism, of which the sides are perfectly 
plane parallel -sided piec<‘S of glass, which will not tlu*niselv(‘s 
cause any total deviation, and measure as with a solid. 


Table of Be/ractire Indicettfor the mmn D line of Sod I 


itm. 


Diamond 

. 2 42 

Crown glass . 

. 1*5 

Phosphoni.'^ . 

. 2*22 

Magnesi«im sulphate 

. 1 -I!) 

Ruby .... 

. 1*71 

Fluor .spar 

. 1 15 

Iceland spar (ord.) 

. l*6r»8 

Ice 

. i ;n 

„ „ (ext.) 

. l*'f8(J 

Carbon disulpliidt* 

. rti.'t 

Topaz . 

. 1*01 

Oil of l)ilter almonds 

. 1 1; 

Flint glass . 

. 1*0 

Aniline . 

. 1*57 

Emerald 

. 1*68 

Phenol . 

. i nn 

Quartz (ord.) 

. 1*514 

lienzene 

. 1*4S» 

„ (ext.) 

. 1 

(ilyeerin 

. M7 

Rock salt 

. 1*51 

Turpentine . 

. 1 45 

Citric acid . 

. l-ri.", 

Sulphuric lun'd 

. 1 42 

Canada balsam 

. i*5:i 

Aleohol (amyl) 

. 11 

Felspar 

i'r»2 

(ethyl) . 

. I :i5 

Potassium nitrate 

. 1.52 

Kther(rthyl) 

. 1 55 

Potassium sulphate 

. 1-.51 

Water 

. 1*55 

Ferrous sulphate . 

. 15 

.Mrohol (methyl) , 

1-5.5 


105. Explanation of Spectra, with Observations. — In all 

the previous observations we have paid more attention to the 
luminous effects of radiation than to the thermal effe(!ts, but 
generally simple experiment^ suffice to sliow that the observed 
changes possess their thennal aspect. For example, the focus 
of light is the focus of temfK-rature ; tlie direction in which 
light is reflected or refracted is the direction in which the 
maximum heating effects are produced by the radiating centre 
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At the same time we must remember that ether-waves are 
likely to be checked or absorbed in their passage through 
various kinds of matter in varying degrees, and that, rek- 
tively to the size and condition of the material particles which 
meet them, there will be some waves more completely ab- 
sorbed than others. The mutual action of ether-waves and 
matter forms a wide field of investigation, which our past 
work should enable us to approach. 

White light transmitted through blue glass appears blue 
because the particles of the glass have absorbed the rest of the 
white light and let through the blue. 8o it is for other 
colours. A coloured flower absorbs a portion of the sunlight 
incident ui)on it, reflecting only those waves which confer its 
particular colour. That a difference of wave-length con- 
stitutes variety of colo\ir has been readily demonstrated by 
interposing colc'ured transparent bodies, or changing the colour 
of the light, in interference experiments. The distance 
apart of the interference* bands varies with various colours, 
and gives an oj)portunily of comj)aring the wave-lengths cor- 
responding with the difl'erent colours. The dispersion of 
white light in passing through a prism is brought about by 
the fact that the speed of the small waves is more checked 
than that of the larger waves in passing through the denser 
medium, and small waves are consequently the more refracted. 
A reference to the diagram explaining refraction will make 
this clear. 

The dimensions of the wave-lengths, found by experiments, 
are of the same magnitude as we should expect to find for 
waves originated and influenced b} j^arti^^les of a si/e consis- 
tent with the molecular theory. Kther waves, molecules, 
and at(uns are physical phenomena of the same order, incap- 
able of being directly obst‘rved, but apparent to reason. The 
nature of the mo\ eineiits, among | articles of matter, which give 
rise to these ether-waves remains a matter for future investi- 
gation. So far, we can only Siiy that it is a kind of vibration. 
When the temperature of a body rises, the vibration increases 
in amplitude and may change in chanicter. A solid or liquid 
at a very high temperature emits w^hite light, the constant 
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collision of particles probably brings about all kinds of vibra- 
tions, and hence all kinds of ether-waves, of which many are 
no doubt invisible. The particles of a gas, unless at a high 
pressure, sdffer f8wer collisioi\s, and hence give out a few 
characteristic vibrations, forming distinct line spectra. Our 
main source of light, the sun, emits waves of all lengths, not 
only white light and heat, but waves which do not aflect our 
senses, some of them having been made appni*ent by special 
means. This is what we should expect from such a body as 
the sun. The special line spectra from wbicb so mucb may be 
learnt as to the composition of bodi('s must be studied can- 
tiously. AVe shall lind that tin* specti um characteristic of a 
given body at a given tenifUTature is not neot'ssarily tin* s<iim* 
as its spectrum at another temp(‘rature, or as the one yit^lded 
by an electric discharge ]>a.ssing through it. Also, a change of 
pressure may bring about modilications. Although conclusions 
must not be drawn too freely from spectroscopic observations, 
si?ice a given vii)niti(m may be due to several otlnu's com 
biniiig, or may lx* moditied by neighixairing particles, yet 
they have l>ec()me a most imp<»rtaiit means of analysis, far ex- 
ceeding in delicacy any other method. New conci*ptions also 
as to wliat is truly ehanentary matter have been gained from 
spectroscopic irn (‘stigations. 

Another important branch of spectroscopic work is tin* 
investigation of the results of transmitting ordinary light 
through incandescent vapours. We find utider cerUiin con- 
ditions that the usual charact<*ristic bright lines arc replaced 
by dark spaces. In other words, the cliaractcrist ic vil>r/ition« 
previously emitted arc now absorbed. The particles of the 
vapour select and check tJio>e \ ibiations n liich are, as it W(‘re, 
attuned to their own period.s. It isolivious if this n suit is 
to lie obtained that the vapour must not lx* at a ten]p<Tature 
high enough to yield of itself a bright spectrum. Tin; ab.sorp- 
tion lines are conveniently seen in the spec trum of the* sun, 
which shows numerous dark space's corresjxjnding with the 
bright lines ernittt'ci by known terrestrial vapours. A colder 
envelope of vapours of very complex comjxisitioji sifts various 
portions of the otherwi.se continuous spectrum of the sun. A 
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good reflexion grating with a heliostat exhibits these lines 
very satisfactorily. 

The main result of our observations of the movements of 
ether should be to impress upon us the need of considering it 
as a possible agent in all our experiments. We have seen that 
it is capable of handing on the state of one portion of matter 
in one place to another portion in another place ; we have 
seen that this is performed in a peculiarly subtle manner, and 
we can never consider that any of our knowledge of natural 
changes approaches completeness until we understand, not 
only the changes of matter so called, but the changes of the 
ether in its neighbourhood. In the future, the probable 
ether movements corresponding with magnetic and electric 
disturbance will have to be investigated, as well as further 
details al)out the theory of light which may be gathered from 
what is called the polarisation of light. W e have to remember 
that accuracy depends upon completeness of observation ; a 
minute change, if unobserved, may overthrow an elaborate 
structure of theory. At the same time we have to remember 
that, the deeper observation goes, the more there is to 
observe. 


Additionnl Exprcises and Questions, 

1. Find the angle of a prism bv reflexion, from each of its faces, of 
light from a small body. The angle made by tlie two reflected rays will 
be double the angle of the prism. Also find it by ascertaining the angle 
through which the prism needs to be moved in order that a ray from a 
small body may fall upon the two faces in succession and be reflected in 
the same direction. The angle through which the prism has been moved, 
together with the angle of the prism, should be equal to 180®. Draw 
diagrams in explanation of each prt>cess, and then use a .spectroscope. 
lYeliminary observations may he made with a prism placed up.onapiece 
of paper, upon which lines may be ruled to coincide with the directions 
of the rays and with the angle and movement of the prism. 

2. Produce a spectrum on a screen by use of a slit, lens, and prism, 
and show* that the colour of a body is not an inherent property by 
placing it in dilTerent parts of the sjxjctrum. 

3. Find out w’hether a reflecting surface be plane or curved by as- 
certaining if it reflects regularly. Focus a telescope upon a small body, 
then incline the surface so that a reflexion of the body may be seen 
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from its surface. If it be plane, the image remains clear and well 
defined. 

4. Observe by sounding a tuning-fork, and sU>wly turning it when 
held near the ear, tliatsan interference of sound-waves, comparable with 
the interference of ether-waves, may take place. 

6. Draw a diagram which will explain the formation of a spectrum 
from a ra}' of white light on the hypothesis that waves of differont 
lengths are differently retarded in passing through a prism of dense 
material. 

6. Explain why a parallel-sided transparent body merely changes 
the patli of a ray of light without decomposing it. 

7. What informat ioii as to (he size of the ultimate partieles of 
matter can be gained from the undulatory tlnM)r\ of light ? 

8. Draw diagrams, and construct models with wires or suspended 
bodies, to illustrate wave propagation and the interft*renc*e of waves. 

9. The thermal focus coinchles with the optical focus in the ease of 

a mirror but not in the case of a lens. Why is this? Is the focal 

leng?th of a lens the same for all kinds of light ? 

10. Draw a diagram showing the couist* t>j‘ light and the images 
formed when a candle is placed between two plane mirntrs inclined at 
an angle. 

11. Why is the foam of clear w^ater white ? 

12. Draw a diagram showing the metliod of obtniningan absorption 
spectrum. 

13. Explain how a spc*etrum can be formed by an interference 
grating. 

14. IIow can (he colours visible upon a very tliiii sofip-bubble be 
explained ? 

Ifl. What is known as to the Kite at which light travel.s / Distin- 
guish between ‘ wave-length * and ‘ perio<i' as applied to light. 

16. Suggest an explanation of the various line'spi-etni exhibited h> 
glowing vapours. 

17. VViiat are the supixise*! properties of the ether ! 

18. It is said that all exact seientilic kn'»wli dge is based ujkui the 
measurement of matter and motion. I>iseuss this .statement. 
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1. Observation! of Quantity of Matter. Balances, i'iit* delicato 
fctracturo of balances makes it nwssars that tin y sluniM bo used 
with great cure. They should Ik* |K*ri(Klirally iiiHpertt**!, and all dirt 
removed. The knire-(*dgea and jdanes, when iimde ofstetd, must be* 
kept free from rust. When balances an* title<l with a case, tliey may 
be kept free from oxidation by dryingr the air in the case with slrniig 
hydrogen sulphate or cal(*ium (diloride. 'Ihesi* Bubstiiiices niuHt ht* 
periodically reiiewtjd. It is obxious that freedom from chemical 
fumes is essential to their pre8er\ation, hence they should he ]»lared 
in a room cut off from the working chemieul lahtiralory. In additi«)n, 
a balance should aluavH be placed in a g“(>od lighl, and on a sti'udy 
table or bracket. I'or phy.sieal observations the large (»]»en balnne<*H 
illustrated are v(*rv suitable, and are rea<lily adn]>ted lor weighing 
biidies in liquids. It must 1 m* remeinlMTeii that large umsH»*H t4*nd 
strain the heam, and sudd^-n f»r un4*ven iuov«‘m**nts may diminish tlie 
accuracy of the suspen.sion. I'or this r**a.son tin; Ihuiui should la* 
placed in suspeu.sion witli a steady nif>\ <’inent, and stopjnid from 
swinging when the poinl»*r is iji the ceiitn* of tlie scal^?. Ofcoiirw, 
alteration of the masses in tin* jjaiis iiuist only take. pla<*e when the 
balance Is at re.st and supported. JUih»n? using a balance it should 
bo du8U*d, if necessary, and mad** to .swing, in ordi‘r to lest its iu> 
curacy of adjustment. If it swings equally on (*ach side of the scale, 
or if it >• wings n^ tirly equally, it is ready for use. It is bettor to 
allow for a little inequality of swdng than to consianfly alter the 
adjustment. 8oin<*tim<*‘» it is diflicult to g4*t the. halaiico to swing. 
In that case, blow* one of tin* pan.s \cry gently. Ito not w»'igh 
bodies when hot, as the surrouiuling air Inicouu'S beat**d and ascends, 
thus making an upivard cuirf'ut Irom the pan used. Most substances 
should not be allowed to touch the ])aiis, for fear of injury to them. 
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A filter paper on each pan is advisable for direct weighing. It must 
he remembered that some substances vary in mass during the opera- 
tion of weighing — for example, hot water rapidly loses matter by 
evaporation, while calcium chloride would gain by absorbing 
moisture. 

Finally, great care is needed in supervising the manipulation of 
weights, and in exacting that they are properly used, and properly 
returned to their right position in the box after every operation. 
No excuse should ever be admitted for neglect of this important rule. 
ITie weights should be counted when in the pan, and also w’hen they 
are returned to their places. Before using the weights it is advisable 
for each student to add together all the weights in the set, giving to 
the smaller weights their correct decimal values. 

2. Observation of Dimensions and Densities. — Besides ordinary 
steel or }x)x-wood scales, it is advisable to have brass pieces let into 
l)enche8 where convenient, to denote distanct's of a metre and a 
decimetre. Also lontrer distances, marhed along walls, are often 
convenient for measuring wires. Standard meusiires should be always 
at hand, and as conspicuous as possible, in order that students may 
))ecome familiarised with them. By encouraging guessing before 
actual comparison, great help is given in training the eyes to measure 
distance. This should also be carried on in comparing the capacities 
of vessels, or the volumes of solids. This is a most valuable kind of 
training, which should always he carried on in a lalx)ratory, side by 
side with the more systematic work. The exact form of such indirect 
training will vary with circumstances and with teachers, but the 
opportunity of making it very powerful and suggestive wdll always 
be present. 

Burettes are very convenient for delivering known quantities of 
liquids ; they should be supported by clamps before windows or white 
walls if possible. The form willi caoutchouc lube and clip for 
delivery is btdter for beginners than the one? with a tap. The use of 
a float, for more exact reading, may be encouraged, Ih^sides burettes, 
a small number of graduated cylinders will he required for measuring 
the volumes of liquids poured ii.to them. A variety of graduated 
flasks, including some small enougli to be weighed on the balances, 
will also be wanted. 

8. Observations of Temperature^hanges. Thermometers. -The most 
servicoible theruamieters are the narrow chemical thermometers 
reading from 20® below zero to 200® Centigrade. Occasionally a 
wider range is required. The absolute value of the readings may 
be found to be somewhat inaccurate when tested by the standard 
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temperatures, 0° and lOO® C. ; but this does not dimmish their value 
for general use. The exact reading of a thermometer may easily be 
obtained by st-nding it for correction to Kew. In using a thermo- 
meter it is erf greats importance to read accurutelv. To do this 
practice is necessary. This caution is especially needful in comparing 
temperature-changes in ditlerent kinds of matter, where a largo 
quantity of matter, say fifty grams, may Ix' changed in Uunperature. 
A mistake of half a degree is frequent in a beginner. This would 
mean a mistake of twenty-five times the unit temperature-change 
(or, as it is called, twenty-tivo units of heat). At the same time it 
must be rememb^ed that the temperature of the hand may eitsily 
give rise to an incorrect reading. lOrrur.s «>f tins kind must bo cor- 
rected by taking as many observatums ns possible in as varied a 
manner as possible. Mistakes in the numerical results of temperat ure- 
changes are much more likely to be due to incorrect reading of the 
thermometers than to inaccuracy of wiughing. Accurate results 
must not be expected, however, unless special precautions are taken, 
either to allow for the temperature-changes which simiiltaiH’ously 
take place in surrounding bodies, the vessels, air, iVrc., or else to 
reduce these to a minimum by non-conducting material. Change of 
temperature taking place more rapidly llie greater the dillenuice 
of temperature in the bodies undergoir.g it, it is of course advisable 
to adjust the quautities of matter under ol)servation in a given ex- 
periment, so that mutual changes may produce no ^el*y great diHi*r- 
ence of temperature Ijetween them and external bodies, hucIi as the 
air. This is not always possible. 

In order to mea.sure the expansion of soli<l‘<, papfT scales ]>Hsted 
to wooden rods or wooden scales to which sliilir)g verniers areutlacht'd, 
will be found sufficiently accurate. Inaccuracy of pe.'<ult is more 
likely to lie in incoiTectness of readinjr than in iiJconeclne.‘*s of 
graduation, and for this reu.son the vernii r should cany an cyejii**ce 
fitted w’ith cro.ss-wii'es. These may be obtained from a \\hulebHlc 
maker very cheaply. 

4. Observations of Fall of Bodies to the Earth.— It i.^ convenient, 
in observing the fall of Ixxlies to the earth, to have a pulley fixed as 
high as possible in a room, and, pas.sing over it , a coni, by means of 
which the electro- magnet, together with the v. ires needed, may Is* 
hauled up to a considerable height with the hridies for experiment 
adhering. A key for breaking contact will Is* reqnij«*d. Direct 
contact of the body with the magnet may he prevented by means of 
a brass guard more neatly than by a piece of paper. 

Results with ‘ Atwood’s ’ machine are not likely to be more than 
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approximate, unless comparative methods are used. The construction 
of the frictionless wheels, however good, canuot eliminate friction. 
Hence the rate of fall is diminished, while an equivalent rise in the 
temperature of the ap])aratus takes place. A good maclHne, however, 
affords a very valuable amount of training, and fair re.sults are 
obtained with a sufficiently long fall. The machine should be placed 
on a very firm and horizontal bracket, fixed at as great a height as 
the room will allow. It is essential that pulleys should be well made 
and set, if anything like theoretical values are to be obtained from 
the experiments in which they are used. Tlui cost of such pulleys is 
considerable. 

5. Observations of Electrification. — In all observations of mutual 
action between bodies, due to electrification, it is important that they 
should lie as comjiletely insulated as possible. This i.s difficult in a 
moist atmosphere, since the condensation of water on the surface of 
insulating matter may convert it into a conductor. It is advisable, 
therefore;, to thoroughly clean and dry insulating stands and handles. 
Careful washing with soda, and then with distilled w^ater, allowing 
the water to evaporate from the surface instead of using a cloth, is 
generally a sufficient cleansing: while a large C()])per tray containing 
sand and heated by gas is ne<MU‘d tor completely drying all objects 
liefore use. This should be placed in a convenient position for the 
experiment table. With electroscope.'^ and electrometers great care 
and patience is needed, if correct observation^ are to be made; and 
with some forms of instruments even these qualities will not lead to 
success. Every instrument must be iinestigated to stn* that its con- 
struction is suited in every detail to its object ; in other w’ords, to 
see that it really carries out what it pretend'^ to do. The dissection 
of instruments in this manner is an important part of scientific 
training. 

6. Cells. — The use of cells for obtaining an electric circuit entails 
much trouble and work, unle.^s a careful system of cleaning and 
storing: away after work is introduced. The consumable portions and 
porous vessels should ahvays be removed from the cells, thoroughly 
washed, and kept always in the same place. The binding screw'S 
must be kept bright, and any tendenc\ to corrosion checked. With- 
out rules of this kind the expenses <if the laboratory wdll increase, 
and, what is more important, untidy and careless w(»rk will lM*come 
common. A small w'parate room with a large shallow' sink is very 
useful for washing and 8tt>ring cells, and it enables the working 
laboratory to keep a more orderly appearance. The Leclanch^ cell 
is very generally serviceable, and has the great advantages of being 
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clean in use and requiriiij^ little attention. Some of the dry cells 
are much to be recommended on the8Coi*e of cleanliness. The bichro- 
mate cell is useful, but tue cover containin^r the zinc and Ciirl)ons 
is not generally made Solidly enough. The Daniell cell is a most ustdid 
form for constant circuits. If ilrove cells are used, ihey should l)e 
placed outside the room, as the fumes art‘ noxious. A Hat window- 
sill serves very well for the purpose. Great saving of expense in 
cells may be effected by buying sbe«*t zinc and copper from whobwde 
houses^ and cutting into requinnl shapes. Porous and glazed pots 
may also be bought directly from the inakt‘rs. 

7. Observations of Solution, fto. — For dissolving solids, beakers 
or boiling-tubes may 1 h^ used. Tliest* should be made of evenly thin 
glass. Glass vessels which vary in thickness are very liabh* to crack. 
For evaporation, a large free surface of liquid is most Hiiitiibh*; thin 
porcelain evaporating basins should therefore be used. 'Phe larger 
the diameter the more regular is the f*vaporation. A copper walcr- 
V)ath is most suitabie for slow evaporation, hut when the amount of 
evaporation required is large, it should U* conuntuuvd more rapidly 
by more direct healing, ns with a ^HIld-l)ath, and completed on the 
water-bath. A large water-bath, with openings fnr a doziui basins, 
is most economical and lea-^t troublesome for class-work. 'Mieie is 
hoNvever, always a disadvantage in an operation not he.ng curried 
on, as completely as possible, under the direct control of the small 
group of boys engaged in it. An operuliun which is going on in 
the same manner for all is apt to lose its individuality, and the 
interest in it is likely to suffer as soon U'. the feeling of jiroprietorshiii 
relaxes. ( ’omjietilion for aeeuraev is sure to result from several 
groups working out, (juite iiidepemleiitly, the sann* (‘XjuTiment. 

8. Purity of Substances. - An important ]»art of the training c>l » 
beginner in chemistry is t<i learn when u suhstmiee may he descrilaMl 
as pure — when it really contain.'* what it.*' name denotes. Several 
tests have been described in the previous pag**K. Jt must always l>e 
remembered that absolute purity is only at mined occasionally and 
with great difficulty, and it is much better lliat the tiiial stages of 
puritication should be carried on in the laboratory, witli the sjM/eial 
object of puritication in view. It is not rt'asonahle to exjiect manu- 
facturers to provide pure materials except at \ erv high prices, and it 
is unwise to lose the opportunities of observation which such o{wni- 
tions afford. Nothing can be more mi.sleading than tlio.-e de.Hcriptions 
of chemical changes wdiich omit to slate that the reacting substances 
ai*e not pure, and wdiich convey the impression that chemical changes 
are simple enough to lie amply described by an equation. 'J'liey are 
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often seriously inaccurate in themselves, and conduce to a feelin|;C of 
certainty when the training of observation has barely commenced. 
Keenness and faculty of research is thus suppressed, when the aim of 
even the most elementary work should be to eif^imrag# it. 

9. Observations of Radiation. — It is essential for many experiments 
with light, that a jjortion of the laboratory should be capable of being 
darkened at will. A room with dark-blinds to the windows is valuable 
for advanced work, but for beginners and large classes this is evidently 
not desirable. It is more consistent with good order to have certain 
portions of benches fitted with supports carrying velvet curtains, 
which give access to the instruments. The light may be prevented 
from entering above by placing dusters or cloths at the top as re- 
quired. Such shielded enclosures serve also for working with mirror 
galvanometers and electrometers. 

It is of great importance that prisms, lenses, gratings, &c., should 
be handled with cure, lest scratches should injure their surface. 

In working with the spectroscope, the necessary exclusion from 
the prism or grating of rays which do not come from the slit is 
readily obtuined by throwing over the instrument a piece of velvet. 
All s pec tros(; opes should he canal)h‘ of h(‘ing used ns spectrometers. 
Hence the central table should btj moveable, independently of the 
larger table. The latter table should be as large as possible, other- 
wise the movements are cramped, and readings become troublesome. 
A valuable exercise is contained in the complete adjustment and 
levelling of this instrument. It should be occasionally put out of 
adjustment with this in view. 

In order to obtain light of a particular wave-length, a Bunsen 
flame shovdd be used, and the reijuisite material, ])laced upon a piece 
of clean platinum foil, should be supported in the lower part of the 
flame towards the edge. The most convenient light is the yellow' 
light obtained in this way from sodium chloride or carbonate. 

Most of the formuhe connected with reflexion and refraction of 
light have been omitted as beyond the scope of this book, and pro- 
perly belonging to a more advanced stage of inquiry. The merely 
qualitative study of light has been introduced with a view to psepare 
the ground for ol^rvations of physical changes from the point of 
riow of energy. The rapid growth of complexity along with progress 
is seen, perhaps too clearly, in the sections on * Radiation," and in the 
delicacy of the apparatus required. The optical bench is an involved 
and expensive piece of apparatus. For elementary work the outlay 
would be very disproportionate to its utility ; but for advanced work 
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in optics it is iudispeiisable, and it may be adapted for demoiiatiiitiu^ 
the thermal properties of radiation. Only delicate manipulators 
should be allowed to use it, except under supervision. The wooden 
substitute dftwribecP in Section 08 will, hoTever, sen'e for many 
valuable observations, and will prepare the way for more accurate 
work. 
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